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Abstract
The construction of a European Super Grid, where existing AC systems are connected through High
Voltage Direct Current (HVDC) corridors, is one contribution to accommodating a high penetration of
renewable energy by diversifying the energy mix and trading surpluses from some regions. This raises
questions over the dynamics of mixed AC and DC systems that need to be thoroughly studied. This thesis
examines the level of coupling of AC networks interconnected via HVDC and the provision of system
services between AC networks via DC links. Since areas such as the North Sea may see interconnected
DC links, control of such multi-terminal DC grids (MTDC) in the case of converter outages is also
pursued.
To form realistic case studies, a number of mixed AC and DC transmission networks were modelled
and validated, in particular a dynamic equivalent model of the Great Britain transmission system cou-
pled via voltage source converter (VSC) HVDC to the Scandinavian transmission network. To answer
questions over the interaction of the dynamics of modular multi-level converters (MMC) with AC system
dynamics, reduced dynamic models of such converters were developed taking an energy balancing ap-
proach. The impacts that two-level or modular multi-level VSCs produce on the dynamics of the hosting
AC grids were investigated through perturbation studies.
The displacement of conventional generation by converter-interfaced sources sees a decrease in fre-
quency response provision and inertia and calls for alternative provision. Several methods for enhancing
the frequency recovery (post outage) of AC grids were designed for and applied to VSCs of HVDC inter-
connectors. Supplementary droop control was found to improve the frequency nadir after a loss of in-feed
event at the cost of passing some of that loss to the adjacent AC systems via the HVDC interconnection.
Identifying and exploiting the overload capability of MMC enabled the sharing of primary reserves and
improvement of the nadir frequency by allowing extra power to be transferred through HVDC links.
Proposals to use the internal energy storage capability of MMCs for inertia provisions were investigated
but the results show that the scope for this is very limited.
It is important that where MTDC grids are envisaged, the power flow control is able to deal with
converter station outages and not cause large disturbance to the DC or AC networks. Deficiencies with
proposed methods were identified and a new proposal for coordinated control with multiple bus masters
was made and control performance improvements demonstrated.
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Chapter 1
Introduction
Climate change has become one of the most urgent concerns of this century and a defin-ing feature in energy policy-making. The greenhouse gases (GHG) emissions reduction
objectives suggested by the United Nations Framework Convention on Climate Change (UN-
FCCC) aim to limit the maximum increase of the global average temperature to 2◦C by 2035.
The accomplishment of those targets may not guarantee the arrest of the temperature rise,
as the world would still have 13.7 billion tonnes of CO2 above the level required [1]. At the
present, 80% of global energy consumption is produced from fossil fuels. The reduction of CO2
emissions should happen on the production side, by switching from fossil fuels to renewable
energy sources (RES) and by deploying carbon capture and storage (CCS), as well as on the
consumption side by reducing the demand for electricity and improving energy efficiency [1].
1.1 Impacts of Climate Change
Since the industrial revolution, the development of the energy systems has been affected by a
wide range of environmental concerns, including air quality issues, acid rain and more recently
climate change.
In 2014, for the first time in 40 years, a reduction in greenhouse gas emissions not associated
to an economic crisis was registered [1]. This was probably due to the changing trends of energy
consumption in China and OECD countries. China has opted for producing a larger share of
generation from renewable sources, such as hydro power, solar and wind, rather than burning
coal. In OECD countries, significant efforts have been made to achieve a more sustainable
1.1 Impacts of Climate Change 23
development. These included energy efficiency measures and the introduction of renewable
energy sources in the generation portfolio [15].
The reversal of the pattern of GHG emissions is promising. The international agreements
that will be signed in December 2015 in Paris at the Conference of Parties (COP21), the most
important world forum on climate changes, are expected to represent a milestone in the challenge
against atmospheric pollution. An universal, legally binding agreement to fight climate change
effectively and to promote the transition towards low-carbon economies is aspired to be achieved.
Such agreement, that will enter into force in 2020, should therefore focus on both greenhouse
gas emissions reduction and societies’ adaptation to existing climate conditions [15].
1.1.1 Present Situation: Demand, Supply and CO2 Emissions
According to the IEA World Energy Outlook 2014 [1], the global energy demand is predicted
to increase by 37% by 2040. However, the development trend for a growing world population
and economy is less energy-intensive than in the past. As illustrated in Figure 1.1, the energy
demand growth of China and OECD countries have slowed down significantly since 2014. The
global distribution of energy consumption has changed: the energy demand has become flat in
many OECD regions and in China, while it is still growing in Asia, Africa, the Middle East and
Latin America [1].
1990             2000             2010             2020             2030              2040
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Figure 1.1: Energy demand by region. 1 Gtoe is a unit of energy defined as the amount of energy
released by burning 1000 tonnes of crude oil, it is equivalent to 4.181 GJ [1].
In 2013, the energy-related CO2 emissions increased by 1.4% with respect to 2011 level.
However, the two major world emitters, China and the United States, were able to reduce their
carbon emissions, thanks to the low gas prices due to the development of shale gas in the U.S.
and the large use of low-carbon generation technologies in China. In spite of an increase the use
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of coal due to the decommissioning of nuclear power plants in some countries, GHG emissions
have declined in Europe also. As shown in Figure 1.2, the contribution of OECD countries to
global carbon emissions has reduced since 2000, whilst the emissions levels are still increasing
in non-OECD regions [16].
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Figure 1.2: Cumulative energy related CO2 emissions [2].
The composition of the world total primary energy supply of the present is shown in Figure
1.3. The largest share of electricity generation comes from fossil fuels. However, the current
percentages of electricity produced by fossil fuels are predicted to decline to one-third of the
present value by 2035. Natural gas is the only fossil fuel whose use for the production of
electricity is expected to increase [16]. The energy supply provided by renewable generation
accounts for roughly 14%, but it is predicted to increase significantly by 2035 [2; 17].
29 %
31.4 %
21.3 %
4.8 %
2.4 %
10 %
1%
1
2
3
4
5
6
7
Biofuels 
and waste 
Coal 
Oil
Natural 
gas 
Nuclear 
Hydro 
Other 
Figure 1.3: Electricity mix by fuel at the present [2].
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1.1.2 Carbon Emissions Targets
In 2009 the IEA formulated the 2◦C Scenario, which sets a limitation of 2◦C on the rise of
the global average temperature over the long term (2035) and defines the objective of reducing
energy-related CO2 emissions by more than half in 2050 (compared with 2009). The 2◦C
Scenario is largely consistent with the World Energy Outlook 450 Scenario through 2035. In
the 450 Scenario, the concentration of GHG in the atmosphere is predicted to be limited to
around 450 parts per million of CO2.
Nowadays, there is a growing deviation between the actual trajectory the world is on and the
one consistent with the 2◦C Scenario. The average global temperature has already increased by
0.8◦C with respect to pre-industrial levels and it is expected to have an additional rise between
2.8◦C to 4.5◦C in the long term, if no further climate mitigation actions take place [16]. In
order to avoid such increase in the global average temperature several agreements have been
stipulated worldwide and various directives have been adopted at European and national level.
1.1.2.1 Kyoto Protocol
A milestone in the history of international agreements on climate change is represented by the
Kyoto Protocol, signed in Japan in 1997 and adopted in 2005, according to which every signa-
tory country commits to respect internationally binding emission reduction targets. The Kyoto
Protocol indicates that OECD countries are the main responsible for the current high concen-
tration of CO2 in the atmosphere as a consequence of more than 150 years of industrialization.
The protocol forces the signatory nations to respect strict carbon emission targets set con-
sidering the principle of common but differentiated responsibilities. Each country is therefore
subject to specific limitations, for example the European countries and the U.S. are expected
to reduce the carbon emissions by 8% and 7% respectively compared to 1990 levels [18]. The
emissions reduction targets should be met through the combination of national measures and
additional strategies based on market mechanisms, such as International Emissions Trading,
Clean Development Mechanism (CDM) and Joint Implementation (JI) [18].
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1.1.2.2 EU Renewable Energy Directive
In the European context, the 2009 EU Renewable Energy Directive (Directive 2009/28/EC) is
among the most important agreements on climate changes. It sets a binding target of 20% of
final energy consumption from renewable sources by 2020, which increases to 32% by 2030 and
to 100% by 2050 [19]. The EU member states involved have adopted long term strategies aiming
to meet their carbon emission reduction targets. These plans include specific objectives for the
electricity, heating, cooling and transport sectors, the installation of a mix of renewable energy
technologies on the supply side, a wide range of policy measures and economic cooperative
mechanisms.
1.1.2.3 The UK Climate Change Act
In the UK, the Climate Change Act was signed in 2008. It sets a target for the reduction of
GHG emissions by 26% compared to 1990 levels to be achieved by 2026 and it provides the
bases for a system of carbon budgeting and for energy trading schemes [20].
The UK is also committed to the carbon emission targets stated in the European Directive
[19], therefore the construction of large offshore wind parks, which transfer bulk power to
onshore AC grids via submarine cables, becomes a necessary step to meet the aforementioned
objectives. The UK government and the national transmission system operator (TSO), National
Grid, considered the Directive 2009/28/EC and the Climate Change Act to set up the “2020
Gone Green Scenario”, which predicts a rise in the installed wind capacity from the current
level to 25-30 GW [21].
1.1.3 Role of Electricity Sector
Due to the combustion of fossil fuels, the electricity sector is the largest contributor to carbon
emissions, producing 60% of the total GHG emissions [22]. Low-carbon sources should therefore
be included in the generation portfolio to tackle climate change.
Since the last century, the global electricity sector has been strongly dependent on fossil fuels
and nowadays they still represent over two-thirds of the electricity generation mix. However,
the percentage of electricity generated from renewable energy sources has started to increase
since 2013 [22].
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1.1.4 Renewable Energy Sources
The rate of growth of RES in 2012 and 2013 was the largest among all energy sources. The rise
was caused by the recent low carbon policies applied by emerging economies, for example China.
Thanks to the application of subsidies and incentives at national and international level, the
share of RES in the global supply is rapidly increasing. In 2035, the energy generated from RES
will cover half of the increase in total electricity generation, the use of bio-fuels will be more
than triple and the use of RES for heat will be more than double with respect to the current
situation [1]. In OECD countries the percentage of RES in power generation has increased and
it is equivalent to the net rise in electricity supply. However, the penetration of RES is more
significant in non-OECD countries, such as China, India, Latin America and Africa [2].
1.1.4.1 Renewable Energy Sources in the UK
The electricity share from low carbon generation has increased from 34.6% in 2013 to 38.3% in
2014. At the end of 2014, the total renewable energy capacity installed in UK was 24.2 GW
achieving a remarkable rise in the electricity generated from RES with respect to 2013 [3].
Figure 1.4 shows the electricity generation mix for the UK for the last quarter of 2013 and
2014. In 2014, the total electricity generation mix consisted mainly on gas, coal and nuclear.
The gas share increased from the previous year because of lower wholesale prices, whilst the
coal contribution decreased due to plant closures [3]. The electricity share from RES has hit a
record of 22% with respect to the 17.9% share in the fourth quarter of 2013. The generation from
bioenergy has increased because of the conversion of Drax power plant into a biomass plant of
larger capacity. Furthermore, the offshore wind generation has risen by 16% and onshore wind
by 7.9% thanks to the implementation of larger wind capacity, as average wind speeds were
similar for both years.
1.1.5 Issues related to Wind Integration
The introduction of large amounts of RES, in particular wind energy in the case of the UK,
into transmission networks produces a number of economic and technical impacts. At power
system level several factors influence the integration of wind energy, such as balancing costs,
grid infrastructure improvements and system inertia reduction.
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Figure 1.4: UK electricity generation mix for the fourth quarters of 2013 (left) and 2014 (right) [3].
1.1.5.1 Balancing Costs
In a transmission network, the electrical power demand needs to be satisfied by the supply at
all times, as small energy storage is available to compensate for any difference. The balanc-
ing process ensures a close match between generation and load and accommodates unplanned
changes in generation.
The inherently variable and intermittent nature of wind power may produce severe issues in
the balancing process. Wind capacity cannot reliably be counted upon to satisfy demand, hence
it requires to be supported by other generation sources for critical moments of high demand and
low wind. The unpredictable power deviations of the wind generation profiles need therefore
changes in the configuration, scheduling and operation of other synchronous generators of the
power network. However, the balancing costs are evaluated to be reasonably low compared to
the generation costs of wind energy [23].
1.1.5.2 Grid Infrastructure Improvements
A number of network upgrades are necessary to accommodate the large penetration of wind
in the existing AC network. Wind resources are often located in remote areas with thermally
limited transmission capacity to other parts of the grid. This means that additional transmission
lines and capacity are required at regional (below 400 kV) and bulk (above 400 kV) transmission
levels to reach wind farm sites and to transport power to the most populated areas. Furthermore,
electrical compensation devices can be necessary to ensure system stability [23].
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1.1.5.3 System Inertia Reduction
One of the consequences of the large penetration of wind energy is the reduction of the total
system inertia, as wind turbines are usually connected to onshore grids via power converters.
This means that their rotating machines are decoupled from the AC network. Such mechani-
cal decoupling prevents wind farms from naturally deploying the kinetic energy stored in the
rotating masses as would happen with synchronous generators [24]. Consequently, wind gener-
ators do not support inertial response and the total system inertia declines as wind penetration
increases. In a reduced-inertia network, the compliance to frequency security standards could
become a serious issue [25]. For example, in case of a loss of generation or a load increase
event, the initial rate of change of frequency (ROCOF) would reach the maximum threshold
potentially exceeding the security limits and causing disconnections of generators equipped with
ROCOF-sensitive protection schemes [25]. Furthermore, the frequency nadir may fall outside
the statutory range with the risk of triggering costly protection strategies, such as the discon-
nection of large share of national demand [7; 25]. The replacement of conventional generators
with wind farms also reduces the available governors response, which usually aids the frequency
to gain a new steady state after fault transients, increasing the difficulty in maintaining system
security and reliability of grid operations.
1.1.5.4 Ancillary Services
A large penetration of wind energy requires the implementation of ancillary services to ensure
high system reliability standards and secure grid operations. In general, these services are safety
mechanisms built into the generating units. Their aim is to ensure efficient power transfers and
to provide stabilising mechanisms in order to prevent catastrophic grid collapses. Traditionally
ancillary services are delivered by part-loaded conventional generators along with fast reacting
plants. However, the dispatch of part-loaded generators drives to higher operation costs (de-
creased efficiency) as well as to larger carbon emissions. Therefore alternative ancillary services
should be designed not to compromise the benefits brought into the system by the integration
of RES.
Some of these services can be provided via the most recent wind turbine technologies. Un-
like old fashioned wind turbines designed as passive grid elements, which would isolate them-
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selves from the grid and interrupt their operations in case the control system detected voltage
or frequency outside the acceptable range, modern wind turbines are designed as active grid
components. They participate in voltage and frequency control and provide fault ride though
capabilities [23].
1.2 High Voltage Direct Current
The integration of large amounts of RES within power systems requires the implementation of
a wide range of ancillary services to comply with the high reliability standards set by TSOs.
Hence, academic research and industrial activities should seek an economic and sustainable
solution to the environmental challenges while ensuring network security.
The installation of 40 GW of offshore wind capacity planned to be commissioned in Europe
by 2020 [2] and the realisation of massive solar projects (Desertec project [26]), will require
huge investments in the transmission systems. Furthermore, complex technical issues, such
as the installation of long transmission lines and submarine cables as well as efficiency and
stability concerns, will arise from such RES implementation. The construction of large highway
electricity corridors and offshore grids becomes therefore necessary [27].
In this context, High Voltage Direct Current (HVDC) technology is expected to play a key
role. HVDC is applicable in long distance transmission lines with local taps, city in-feed systems
and connection of offshore wind sites to onshore grids [28]. Thanks to their high controllability,
HVDC systems are expected to provide a number of ancillary services such as dampening sub-
synchronous oscillations, grid frequency and voltage control in large AC networks [28].
1.2.1 AC versus DC
The first transmission network based on DC technology was built by Edison in the U.S. in 1882.
After that, the AC became the dominant transmission technology due to the availability of AC
transformers, that enabled voltage level changes at high efficiency allowing long transmission at
high voltages to minimise losses, and of induction motors [29]. Since the last decade of the 20th
century, DC has appeared as an appealing option in particular for the connection of distant
offshore sites to onshore AC transmission networks. The use of AC would not be economical
because it requires large reactive compensation devices on sub-sea cables. The development of
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valves was a further factor that boosted the construction of HVDC transmission systems [29].
An HVDC transmission system usually connects two separate AC grids, different areas
within the same AC system or offshore wind farms to onshore AC networks. An HVDC link
generally consists of two HVDC converter stations, one performs the conversion from AC to
DC (rectifier) and the other executes the inverted operation (inverter). DC underground or
submarine cables or DC overhead lines are used to link two (or more) HVDC terminals.
DC transmission carries a number of advantages compared to AC. In DC systems reactive
power is no longer an issue. This allows the installation of long sub-sea and underground
HVDC cables. Furthermore, for a given power rating HVDC transmission corridors can carry
more power per line than AC ones. Higher power density is therefore achieved, leading to lower
costs. Finally, HVDC schemes are the most suitable solution for interconnecting AC networks,
as DC transmission links do not require the two AC grid to be in phase nor to have the same
frequency [28].
1.2.2 HVDC Links in UK, Europe and Worldwide
The installation of a large number of HVDC systems is expected to assist the transition to a low
carbon energy supply by integrating RES. Furthermore, the high level of interconnection reduces
intermittency issues and enhances the security and the long term sustainability of electricity
supply [4].
The number of HVDC projects has increased significantly in recent years. Approximately
100 HVDC installations are in operation or planned for the future transmitting more than 80
GW of power [30]. A summary of the most important HVDC projects in the UK, in Europe
and in the world is presented here.
1.2.2.1 HVDC Projects in the UK
Considering the geographical position of the UK as well as the predicted large penetration of
offshore wind, several HVDC links have been built for connecting the island to continental
Europe and to Ireland as well as to reinforce the existing AC grid. The HVDC systems linking
the UK to different countries are IFA, BritNed and East-West interconnectors, as shown in
Figure 1.5. The HVDC systems connecting different parts of the UK electrical network are the
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Western Link and the Eastern Link (planned).
IFA (Interconnector France Anglaterre) is one of the oldest HVDC project in the UK. It is
a joint agreement between National Grid and RTE (the French TSO) and it was commissioned
in 1986. The interconnector is rated at 2000 MW and it is 70 km long [4]. BritNed is a joint
project between National Grid and TenneT (the Dutch TSO). It has been operational since 2011
and connects the Isle of Grain in the UK to Maasvlakte in the Netherlands. It is a 260 km long
interconnector rated at 1000 MW [4]. The East-West interconnector has been in operation since
2012 and it is owned by EirGrid (the Irish TSO). It connects Ireland with the UK (Deeside)
via a 130 km long link rated at 500 MW [4].
Netherlands
Denmark
Belgium
Iceland
N Ireland
Norway
France
Ireland
Existing
In development
Future potential
Figure 1.5: HVDC schemes in the UK [4].
The Western HVDC Link connects the renewable generation from Scotland with the large
demand of England transferring bulk power across the country. It is rated at ±300 kV, 2200
MW and it is 420 km long. The project, currently under construction, will be completed by
2016 [31]. The Eastern Link is a proposal for a 2000 MW HVDC link that would upgrade the
existing infrastructure in Scotland’s North East coast and deliver low carbon renewable power
to households and businesses across Britain. Its completion date is due to be 2018 [31].
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Apart from the existing HVDC schemes, a large number of potential future interconnector
opportunities are being investigated by National Grid, as it is illustrated in Figure 1.5. These
include a link between the UK and Belgium (1000 MW, 150 km long, completed by 2018), a
link between the UK and Norway (1400 MW, 750 km long, completed by 2020), a link between
the UK and Denmark (1000 MW, 600 km long, completed by 2020) and another HVDC link
between the UK and France (1000 MW, 200 km long, completed by 2020) [4].
1.2.2.2 HVDC Projects in Europe
In Europe the number of HVDC projects has increased significantly in the last decade. A
summary of the operational and planned HVDC schemes is detailed in [32]. Among the more
notable HVDC projects in Europe are INELFE and NordBalt.
INELFE (France-Spain ELectrical INterconnection) is a mixed-capital corporation between
the Spanish (Red Eléctrica de España REE) and the French (Reseau Transport d’Electricite
RTE) TSOs and it aims to increase the electrical security along with the quality of supply. The
link, rated at ±320 kV, 2000 MW, connects Spain to France through the Pyrenees and it has
been in operation since 2014 [32].
NordBalt, also known as SwedLit, is an HVDC link (submarine cable) connecting Lithuania
to Sweden. It aims to promote trading between Baltic and Nordic electricity markets as well as
to increase power system reliability in both countries. It is rated at ±150 kV, 700 MW and it
is expected to be operational in 2015 [32].
1.2.2.3 HVDC Projects Worldwide
Figure 1.6 indicates the number of HVDC projects per region. The U.S. and China, as Europe,
are the countries with the largest presence of HVDC schemes in the world. Unlike in the U.S.
and in Europe, where HVDC links usually connect different AC grids, in China they are included
within the massive national power systems.
In the U.S., one of the first HVDC projects was the Pacific DC inter-tie (1970), which links
Oregon to California. It is a 1362 km long corridor rated at ±500 kV, 3100 MW [33]. One of
the most recent HVDC projects is the Transbay Cable (2010) which connects Pittsburgh to San
Francisco. It is rated at ±200 kV and 400 MW and it is the first link to use IGBT Modular
Multi-level Converter technology developed by Siemens [34].
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In China, the installation of HVDC links is experiencing a significant boost. Since the power
plants (hydro and wind farms) are usually located close to the generation sources and far away
from the urban areas, the power needs to be transmitted over very long distances, leading to
a growing demand for HVDC infrastructures. Among the Chinese HVDC projects, the most
notable are: the Three Gorges-Guangdong (2004), which transfers bulk power from the Three
Gorges hydro power plant to the Guandong area for 940 km and it is rated at ±500 kV, 3000
MW; the Three Gorges-Shangai (2006), which connects the same hydro power plant to Shangai
via a 1060 km long HVDC link rated at ±500 kV, 3000 MW; and the Jinping-Sunan (2013),
which is one of the biggest HVDC schemes in the world and it is rated at ±800 kV, 7200 MW
and is 2090 km long [35]. The Zhoushan (2013) and the Nan’ao (2014) schemes are among the
largest multi-terminal DC grids worldwide. The Zhoushan project connects the islands located
nearby the Chinese South-East coast with the onshore grid via a five terminal scheme. The
power rating ranges from 100 MW to 400 MW and the common DC voltage is ±200 kV. The
Nan’ao project consists of four terminals (three onshore stations and one offshore wind farm)
characterized by a DC voltage of ±160 kV. The terminals power ratings vary among 60 MW
and 240 MW [35].
Figure 1.6: Number of HVDC schemes per region [5].
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1.2.3 Future of HVDC: European Super Grid
Considering the integration of a large share of remotely located RES, such as wind in the North
Sea and solar in North Africa, the potential creation of an HVDC grid has been debated. In
2000, Czisch [6] began to discuss the idea of a large Europe-wide renewable electricity sup-
ply area, laying the foundations for what will eventually become the concept of the European
Super Grid. The creation of such continental electrical structure will ease the achievement of
carbon emissions reduction targets while maintaining security of supply thanks to the increased
interconnectivity among adjacent grids, and it will facilitate the development of a single Euro-
pean electricity market, allowing trading of energy among states to produce overall benefits to
consumers [5; 36].
The Super Grid is conceived to be a vast hybrid system merging existing AC national grids
through HVDC transmission links, capable of delivering power at a continental scale. The
electrical topology would link all the European networks (mainland Europe, Great Britain and
Ireland, Nordpool and the Baltic countries) and would also interconnect to neighbour regions
(Iceland and Northern Africa) and to offshore wind hubs, as shown in Figure 1.7. The concepts
of generation and load have to be managed at a continental scale, therefore it is likely that
the power produced in the Mediterranean area during summer will cross Europe and supply
customers in the North, whilst energy from Norwegian hydro power plants and wind farms in
the UK and Denmark will feed the utilities during winter [37].
DC transmission
Wind
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Hydro
Figure 1.7: A possible architecture of the European Super Grid of the future [6].
It has been recognized that the main challenges for the creation of the European Super
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Grid are not technical, as the technologies will be available in the relevant time frame, but
mainly in the regulatory and economic areas [38]. The regulation and standardization are
managed at European level by ENTSO-E. ENTSO-E (European Network for Transmission
System Operators for Electricity) was established in December 2008 and represented a major
step towards a regularized international electrical cooperation [36].
Various reasons motivate the use of HVDC for the realisation of the European Super Grid.
HVDC is the most suitable option for long distance transmission, it adds transmission capacity
boosting the reinforcement of the network, its flexibility and modularity would allow the Super
Grid to grow in an organic way [39]. Furthermore, political and public oppositions would protest
against the implementation of new AC lines due to their visual impacts and demanding rights
of way. The AC expansion option is also limited by stability and short circuit issues [40]. A
number of technological improvements have been achieved in recent years and will play a key
role for the creation of the Super Grid. Those include the development of converters with higher
power ratings and enhanced functionalities, of cable technologies able to deliver larger amounts
of power at greater operating voltages, control and protection systems, DC circuit breakers and
power flow control devices [5].
1.3 Research Questions
Following the discussion of the previous sections, the installation of a large number of HVDC
schemes may cause considerable benefits as well as potential issues to the host AC transmission
networks. This thesis deals with several research challenges concerning the operations and
control of HVDC links connecting AC grids.
The research questions addressed in this thesis are summarised as:
• How to model large AC transmission systems in order to assess the impacts HVDC links
may produce on them. In 2011, when this work began, the academic community did
not have a full-scale dynamic equivalent model of the Great Britain transmission network
and the only model available was the three-node system described in [41; 42]. For this
reason, the development in DIgSILENT PowerFactory of several AC grid models, including
Great Britain and Scandinavia, complete with steady state and dynamic components is
addressed.
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• How to model voltage source converters (both two-level and modular multi-level) in DIgSI-
LENT PowerFactory, a system-oriented software platform with limited ability for mod-
elling power electronics. Thanks to this action both AC grids and HVDC converters
are available in the same framework enabling the studies on mixed AC and DC system
stability.
• How to select which topology of voltage source converter models to implement in HVDC
systems and how differently the interconnected AC systems may react in normal and
abnormal conditions to the introduction of the converter type chosen.
• How to use HVDC converters to provide ancillary services, in particular frequency sup-
port to the hosting AC grids. The extent of loss of in-feed is a major concern in highly
interconnected AC/DC networks. In this context, HVDC converters are expected to act
as firewall, isolating the propagation of faults to surrounding AC systems, or to offer fre-
quency support methods, such as supplementary control, overload capability and internal
energy storage, at the cost of spreading disturbances among interconnected AC networks.
• How to develop a robust control strategy for DC grids connecting onshore AC systems to
offshore wind farms in case of converter outages. This is an urgent task considering the
compelling need for the realisation of reliable structures able to transfer large amounts
of power from offshore wind sites to inland transmission networks while ensuring grid
stability and quality of supply.
1.4 Thesis Structure
The beginning of this thesis has discussed the urgency of dealing with climate change issues
and has presented HVDC technology as part of the potential solution. The thesis consists of
further five chapters.
In Chapter 2 the state of the art in several topics relevant to this work is discussed. Those
include the stability issues that affect modern power systems, HVDC technology and its role
in power networks, HVDC converters (two-level, modular multi-level and alternate arm voltage
source converters) and a summary of the techniques for developing Reduced Dynamic Models
of converters for system level studies.
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The modelling of AC grids and HVDC converters developed in DIgSILENT PowerFactory
is described in Chapter 3. Dynamic equivalent models of the Great Britain (GB) and the Scan-
dinavian transmission networks, as well as a multi-machine two area system and a simplified
three-node representation of the Great Britain network are realised and verified. Among the
HVDC converter technologies, the two-level and the modular multi-level voltage source con-
verters are modelled. Finally, the converters are integrated within the AC networks and the
operations of the resulting mixed AC and DC systems are monitored.
The provision of frequency support by HVDC converters to host AC grids is discussed in
Chapter 4. The overall system frequency evolution after disturbances is examined with and
without the implementation of additional control on the HVDC links. The effectiveness of a
number of frequency support methods, such as the implementation of supplementary frequency
droop control on HVDC converters, the overload capability of modular multi-level converters
(MMCs) and the effect of the energy stored in MMC cells capacitor, is explored. The work on
overload capability of MMCs has been carried out in collaboration with P. D. Judge.
The dynamic response of multi terminal DC grids to AC faults and converter outages is
examined in Chapter 5. An alternative control strategy able to ensure grid reliability and
voltage stability in case of a sudden converter failure is proposed. This chapter describes the
work performed in June-September 2013 in collaboration with Dr. X. Wu and L. Chang at
Chinese Electric Power Research Institute (CEPRI), Smart Grid Research Institute (SGRI),
State Grid in Beijing.
Finally, Chapter 6 summarizes the achievements of this thesis and considers further research
opportunities.
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The state of the art on several topics on the area of mixed AC and DC systems modellingand control relevant to this work are discussed in this chapter. First, the stability issues
that affect modern power systems are examined. The characteristics of mixed AC and DC grids
are described and the stability enhancements that HVDC technology brings into power systems
are discussed. An extensive description of HVDC converters including two-level, modular multi-
level and alternate arm voltage source converters (VSCs) is presented. Finally, a summary of
the techniques for realising MMC Reduced Dynamic Models (RDMs) for system level studies
is provided.
2.1 Stability Issues in Transmission Networks
Modern transmission networks have achieved a high level of complexity. The increased ex-
changes of bulk power among distant regions, the rise in power demand and the inclusion of
heating and transport in the electricity sector have led the existing power systems to be loaded
at their thermal limits [40]. The electricity markets deregulation and liberalization, in combi-
nation with the necessity of international power trades claim for a wider, more flexible platform
for coordinating electricity exchanges [40]. Furthermore, carbon reduction targets (as the ones
stated in [19] at an European level) have led to the growing penetration of renewable generation
sources which considerably differ from the traditional synchronous ones. The accommodation of
remotely located plants as well as the balance of intermittencies and fluctuations, while preserv-
ing the overall system stability, remains a major challenge in the system operation [40]. As a
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result, transmission networks are pushed closer towards their physical limits and the reliability
of the power supply may be jeopardized by any further rise in complexity [43]. Hence, grid rein-
forcement is becoming urgent and transmission systems have to be upgraded in order to ensure
reliability and decarbonisation of supply, hence being secure, cost effective and environmentally
sustainable [28].
The increasing presence of wind energy on the supply side causes a reduction of the system
inertia and of the system strength, leading the power system to potential stability issues, hence
new transmission facilities and/or reinforcement of the existing ones are required. A significant
contribution to the transmission upgrade would involve HVDC either for transferring offshore
wind power or for interconnecting distant geographical regions.
Although power system stability is regarded as an unique problem, the instability issues
that a power network can experience vary in forms and are influenced by different factors. A
classification of the stability categories is offered by [29]. The power system stability is divided in
angle stability, considered as the ability to maintain synchronism, frequency stability, regarded
as the ability to maintain the frequency within the nominal interval, and voltage stability,
defined as the ability to keep the voltage within acceptable limits.
The angle stability includes transient stability and small-signal stability. Transient stability
is defined as the capacity of the system to maintain synchronism when it is subject to severe
transient perturbations [29]. The small-signal stability problem is caused by insufficient damping
of power system oscillations due to small disturbances. Low frequency oscillatory behaviour
limits the transfer capability of a power system and produces inter-area oscillations. These
ranges usually between 0.1 - 0.8 Hz and are triggered by faults, changes in loads, tripping of
lines and other disturbances [44]. The system security risk has risen as the power transfer across
the transmission lines increases worsening the damping of these oscillatory modes.
The dynamics of power systems are affected at global level by frequency stability. The
frequency stability is concerned with imbalance between generation and demand. The kinetic
energy stored in the rotating parts of the electrical machines usually compensates for the fre-
quency deviations. The time-scale of frequency instability issues varies from a few seconds to
several minutes, it is therefore possible to define short-term and long-term frequency stability
[29].
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The voltage stability is concerned with the ability to maintain acceptable voltages at all
system buses under normal conditions and after a disturbance. The inability of the system to
meet the demand for reactive power after a perturbation is the main factor that causes voltage
instability [29].
The system dynamic behaviour may benefit from the introduction of HVDC links, which
offer significant control opportunities [45; 46]. The higher controllability of this technology can
be utilised to enhance power system stability [46; 47].
2.1.1 System Response to Frequency Events
Traditional AC systems, characterized by a dominant presence of synchronous generation, rely
on inertial, primary, secondary and tertiary response to ensure the balance between supply and
demand keeping the grid frequency within acceptable limits [29]. In case of a sudden imbalance
between generation and load, such as a generator outage or a load increase, all these methods
cooperate over different time scales to ensure a secure system frequency evolution, as shown in
Figure 2.1.
F
re
q
u
e
n
c
y
 [
H
z
]
50.2
50.0
49.8
49.5
49.2
49.0
Event
30 mins10s 1 min30s
In
e
rt
ia
l 
Primary 
Secondary
Tertiary
Figure 2.1: Types of frequency response methods [7].
2.1.1.1 Inertial Response
The inertial response of a synchronous generator is defined in (2.1) by Newton’s second law of
motion [29], where ωm is the mechanical rotating speed of the machine, J is the total moment
of inertia of the turbine and of the generator rotor, Tmech - Tel is the imbalance between the
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mechanical torque produced by the turbine and the counteracting electric torque.
˙ωm =
Tmech(t)− T el(t)
J
(2.1)
Since the variation of the mechanical rotating speed ωm in respect to the synchronous
rotating speed ωs is usually very small (ωm-ωs « ωs), it follows (2.2), where Srated is the generator
power rating, pmech and pel are the relative mechanical and electrical power (dimensionless).
Tmech ωs ' Tmech ωm = Srated pmech
T el ωs ' T el ωm = Srated pel
(2.2)
Knowing that f = ω/(2pi × 50 Hz) is the dimensionless frequency, (2.1) leads to (2.3).
f˙ = pmech(t)− pel(t)2H (2.3)
The inertia constant H indicates the amount of time for which an element is able to output
the rated power without receiving any input power. For a generator, H is the time taken to
nullify the kinetic energy stored in its rotating mass, whilst still supplying nominal power, and it
is therefore measured in seconds. The inertia constant of a synchronous generator Hgen defines
its response to any changes in power balance. Hgen in (2.4) is determined by the ratio between
the kinetic energy stored in the rotating mass of the machine and the generator power rating
Srated.
Hgen =
1
2
Jω2
Srated
(2.4)
Considering (2.4), it is possible to calculate the average inertia constant Hsys of a power
network. Hsys is as defined in (2.5), where Hi, Si and n denote the inertia constant of each
generator, the generator rating and the number of units respectively.
Hsys =
n∑
i=1
H iSi
n∑
i=1
Si
(2.5)
Equation (2.5) offers an interesting interpretation of the average inertia constant of a system,
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as it represents the energy reservoir due to the kinetic energy stored in the rotor shafts and
indicates how long this will last for. In case of a sudden generation outage, the inertial response
of the system provided by the synchronous machines acts during the initial transient immediately
after the fault (up to 10 seconds) restricting the rate of change of frequency (ROCOF) as defined
in (2.3).
2.1.1.2 Frequency Response and Reserve Services
During the primary response, which takes place between 10 seconds and 30 seconds after the
disturbance, the governors are in charge of restoring the frequency by modifying the loading of
the prime movers according to the frequency deviation [29].
The secondary control contributes to the maintenance of the common area-wide frequency
within statutory limits [48] and it restores scheduled power interchanges to their nominal values.
It acts from 30 seconds to 20 minutes after the fault. The Area Control Error (ACE) is the
linear combination of the frequency variation and the tie-line power, and it is regulated to zero
through the action of the secondary control [49].
The tertiary control, also called fast frequency reserve, assumes a complementary role to
the secondary control and it is performed manually by operators. In case of constant frequency
deviations, a dispatcher physically activates tertiary control reserves. The required reaction
time varies from 20 minutes to 8 hours [49].
2.2 Mixed AC and DC Systems
The necessity of unifying weak AC systems [50] will lead to the realisation of the European Super
Grid, a large AC/DC transmission platform where existing AC grids will be linked through
HVDC ties. In this perspective, the use of HVDC will strengthen the grid and make it capable
of dealing effectively with larger power transfers.
The main characteristics of HVDC transmission and the impacts that it produces on hosting
AC grids, as well as the possible configurations HVDC systems can have are discussed in this
section.
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2.2.1 HVDC Transmission
The interest in HVDC transmission has recently increased mainly due to the connection of
offshore renewable energy resources and the deployment of new installations to transfer bulk
power. In industrialized countries, large interconnected synchronous AC grids have been built
over the last century, an example is the UCTE (Union for the Co-ordination of Transmission
of Electricity) transmission system in continental Europe. The introduction of HVDC in such
large heavily loaded AC systems can relieve some of the issues that AC grids suffer from, such
as load flow problems and congestion management, system stability problems, black-out risks
due to cascading effects and physical interactions between power systems [27; 51]. The HVDC
technology offers therefore a number of technical, economical and environmental benefits when
it is integrated in large transmission networks [51]:
(a) it is economically favourable for long distance transmission. It is available for both overhead
lines and submarine cables, being the first more convenient than AC for distances beyond
500-600 km, whilst the second beyond 50-60 km [52]. Moreover it is the only solution for
long underground and submarine transmission, where reactive power compensation devices
cannot be installed;
(b) the rating of the DC interconnection is defined by the real demand, unlike in AC solutions
where the rating is higher than the actual demand for dealing with AC faults. The cost
is the main reason for not overrating the DC lines, the DC power exchange between two
systems is therefore determined exactly by the TSOs. Differently from AC transmission,
in DC lines the power transfer is always controlled even through AC faults, meaning that
they do not need extra rating for emergency conditions [51];
(c) it can be built in stages, according to the demands for interconnections, hence saving on
investment costs [51];
(d) it permits the use of more economical power plants even located in remote areas and the
flexibility of building new power plants at comfortable locations [27];
(e) it allows faster power flow control enhancing stability in surrounding AC networks, improves
security and power quality and ensures an easier management of overloading conditions [53];
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(f) it provides frequency support, voltage control and power oscillation damping [52];
(g) it acts a barrier against cascading disturbances and voltage collapse [53];
(h) it works as predetermined mutual support among systems in case of emergency [53];
(i) it offers an alternative path for the power to travel over long distances in weak and heavily
loaded AC network avoiding the generation of bottlenecks.
Nevertheless, HVDC presents some disadvantages such as the complexity of control, the
necessity of DC breakers (particularly associated with multi-terminal DC schemes), costly con-
version equipment, impossibility to use transformers for voltage level changes and harmonic
generation [53].
Two distinct converter technologies are applied for this type of transmission namely LCC-
HVDC (line commutated converters) and VSC-HVDC (voltage source converters). The LCC is
a mature technology, with more than 50 years of installations worldwide, appropriate for high
voltages and high power transfers. The VSC is a relatively new technology, with important
application in the integration of renewable sources. However, it is still under development for
high power transmissions.
2.2.1.1 HVDC for Grid Segmentation
The concept of grid segmentation was firstly proposed by [54; 55]. A large grid is segmented into
smaller AC sectors, whose size is defined by a trade-off between converter costs and reliability
improvements, connected by HVDC links. This alternative approach overcomes the limits of
the traditional options (shunt reactive compensation, series capacitors) and offers a rise in
grid reliability thanks to better control performances (local control replaces central control),
an increase of transfer capability thanks to the response of intra-sector spinning reserves to
frequency decay, and facilitations in market operations and in international electricity trade.
The grid segmentation approach is feasible for massive AC grids, such as Brazil and U.S.,
because of their size, density and operational complexity. The situation in Europe is different:
smaller AC systems, initially conceived to work independently, need to be connected to enhance
system reliability and to cope with the rise in power demand.
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The behaviour of HVDC links as firewalls reducing the risk of wide area blackouts has been
demonstrated in several occasions. For example, an HVDC tie limited the damages after the
system collapse during the North-East blackout (U.S. 2003). The presence of the HVDC link
between Ontario and New York continuously prevents the propagation of outages within the
two systems [56]. In [57], an exhaustive overview of the methodologies to evaluate the reliability
of a transmission system containing HVDC links acting as firewall is discussed. The concept
of grid segmentation and the firewall ability of HVDC links are further discussed in Chapter 4
(Section 4.2.1).
2.2.2 HVDC System Configurations
HVDC systems can be arranged in several configurations: back-to-back, point-to-point and
multi-terminal [29]. At the present, the majority of the existing HVDC projects are point-to-
point (P2P) schemes. In this arrangement the link includes two terminal stations connected by
cables, overhead lines or a combination of the two. The most popular point-to-point configu-
rations are monopolar or bipolar. A back-to-back (B2B) is a point-to-point scheme where the
converters are placed adjacent to each other and they are connected by a very short cable.
2.2.2.1 Monopolar System
Figure 2.2 shows the basic layout of a monopolar link. The two terminals are connected via a
single conductor, normally with negative polarity, and the return path is provided by ground
or water. Due to cost constraints, this is the preferred option for cable transmission schemes.
This configuration can be implemented as the first stage of a bipolar scheme [29].
AC 
system
AC 
system
Metallic Return 
(optional)
Figure 2.2: Schematic diagram of a monopolar HVDC transmission system.
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2.2.2.2 Bipolar System
Figure 2.3 illustrates the configuration of a bipolar HVDC scheme. It consists of the combination
of two monopolar systems, one with positive and the other with negative polarity. This is the
most frequently used configuration in installations with overhead lines, but it is also applied
with submarine cables for relatively short transmission distance and small power ratings. This
configuration improves system reliability compared to a monopolar scheme: if a pole goes out
of service, the healthy pole continues to transfer power to the AC grid [29].
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Figure 2.3: Schematic diagram of a bipolar HVDC transmission system.
2.2.2.3 Multi-Terminal DC Grid
By the end of this decade, approximately 40 GW of offshore wind power capacity are predicted
to be installed in Europe [58]. In this context the development of multi-terminal DC grids to
exploit and connect remotely located offshore wind energy resources to onshore AC systems is
fundamental towards the creation of the European Super Grid. In an MTDC scheme three or
more DC converters are interconnected by a DC transmission grid [40], as shown in Figure 2.4.
Nowadays, a few MTDC schemes are in operation. They all began as conventional point-to-
point LLC-based HVDC systems and have been expanded by adding other terminals. Some
examples are the connection Sardinia-Corsica-Italy (SACOI), the Pacific inter-tie and the multi-
terminal interconnection Canada-U.S. (Quebec-New England) [59]. The Nan’ao and Zhoushan
MTDC projects, which transmit offshore wind power to the Chinese onshore grid, are the first
MTDC systems in the world to employ the VSC technology [60].
MTDC networks present some advantages compared to point-to-point systems, such as
the ability to operate at power and current rating different for each terminal, reduction of
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Figure 2.4: Schematic diagram of an MTDC grid.
direct voltage affecting power distribution at all terminals after transient disturbances at one
terminal and enhancement of control performance including internal DC load flow [52]. However,
several issues need to be considered, such as the communication channels for coordination or
the protracted travelling time of both communication signals and electrical waveforms due to
the large distance between terminals [61].
The control strategy of an MTDC scheme has to ensure stability in normal conditions and
fast recovery in case of faults. In a centralized control approach, the master control unit is in
charge of distributing the right amount of current for each converter, and providing the correct
current sharing in case of disturbance [61]. An alternative to that is the distributed voltage
regulation arrangement, where all the converter stations participate in the voltage control. A
summary of the control methods for MTDC grids, which includes voltage droop, ratio control,
priority control and voltage margin method is offered by [58; 62] and later discussed in Chapter
5.
2.3 Voltage Source Converters
Power electronics has recently begun to play a key role aiding the growth of transmission
systems. The connection of large offshore wind farms to onshore AC grids, the power supply to
mega cities and the realisation of large HVDC corridors for bulk power transmission are some
of its fields of applications.
Approximately 100 HVDC installations worldwide are in operation or planned for the future
transmitting more than 80 GW of power [30]. The HVDC systems are developed using either
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LCCs or VSCs, which include two-level converters, the traditional VSC topology, or modular
multilevel converters (MMCs), the latest VSC topology.
The VSC technology was developed in the 1980’s thanks to the advent of Insulated Gate
Bipolar Transistors (IGBTs) to the electrical conversion domain. It is now well established for
medium and large power ratings and used in a wide range of applications. VSC are based on
IGBTs switches, which allows the control of both active and reactive power injections at the
terminal buses.
The VSC is considered the most adequate option for remote loads and small scale generation,
for power supply to islands and in-feed city centres and for multi-terminal schemes [63]. VSC
offers many advantages in comparison with the LCC [30]:
(a) it provides independent control of active and reactive power, as the power reversal does not
imply a change of polarity but it is executed by reversing the DC current. For this reason
VSC is the only viable solution for underground cable transmission, as they are no longer
weakened by space charge, as well as the most suitable option for MTDC networks, as it
allows a common fixed DC voltage with different current flows [64; 65];
(b) it is capable to generate its own AC voltage and does not rely on an existing strong AC grid
to operate. Hence, VSC can be connected to weak grids, and is suitable for remote island
networks, such as wind farms;
(c) it generates an AC current with a very low harmonics content, which depends on the
switching frequency of each converter leg. The requirement for filtering is therefore reduced,
resulting in smaller AC filters attached to a VSC;
(d) it offers black start capability, which is fundamental for wind offshore applications;
(e) it provides faster dynamic response due to higher PWM than the fundamental switching
frequency;
(f) it has a smaller footprint as it does not need transformers to assist the commutation process
and requires less maintenance.
However, the VSC also presents some drawbacks:
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(a) the total power rating of the VSC is limited due to the low voltage and current rating of
the IGBT technology in combination with the appearance of unwanted Electro-Magnetic
Interferences (EMI) [30];
(b) the power losses are ultimately high. The conducting losses are bigger due to the fact that
IGBTs are more resistive to electrical current compared to thyristors. The switching losses
increase because of the high frequency switching of the valves on which VSC relies to ensure
correct operations [66];
(c) during the event of a DC side fault, the sudden drop of the DC voltage will cause the diode
to conduct a very large fault current which is likely to severely damage the converter. This
underlines the weakness of VSC technology to deal with DC side faults [30];
(d) the transformer insulation stresses and the high frequency oscillations reduce VSC efficiency
[30].
In 1999 the first industrial application which used VSC was the connection of Gotland island
using two 70 km long cables operated at ± 80 kV to transmit 50 MW. The use of VSC technology
was motivated by the weakness of the islanded AC grid, which was principally powered by local
wind turbines [67]. Since then an increasing number of VSC-based projects have emerged [68],
mainly considering submarine cables and offshore wind farms.
The operating principles and the control strategies of two-level and modular multi-level volt-
age source converters are described in this section. An innovative hybrid converter technology,
the Alternated Arm Converter, is also discussed.
2.3.1 Two-Level Voltage Source Converter
The conventional two-level VSC topology, shown in Figure 2.5, consists of two-level three-phase
bridge [8]. The IGBT switches are used alternatively to connect the positive and negative DC
terminals to the AC inductor, in order to generate a square voltage waveform at frequency of
the AC grid.
The anti-parallel diode allows the current to flow in the other direction with minimal conduc-
tion losses, thanks to its lower junction voltage drop. This ensures the four quadrant operation
of the converter. However, the arrangement between the IGBT and the reversed diode, implies
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Figure 2.5: Traditional two-level VSC topology [8].
that the complete valve will start conducting uncontrollably through the reversed diode if a
negative voltage is applied across it. The DC capacitor, present on the DC side, holds the
voltage and acts as a harmonic filter [30].
The Pulse Width Modulation (PWM) signal is used to control the converter switching and
to change the amplitude of the converter voltage [66]. To achieve larger DC voltage amplitude
than the nominal, the Third Harmonic Injection (THI) technique may be applied. It boosts
the converter voltage by injecting a third harmonic signal which would flat the top part of the
voltage waveform, allowing extra room for the fundamental frequency. To counteract the effects
of the THI technique a transformer with a delta arrangement is connected to the converter side,
it captures the third harmonic current preventing its passage to the AC grid [69].
2.3.1.1 Control Strategy for a Two-Level VSC
The principal aims of the VSC control strategy are the regulation of Vdc and the control of the
AC side reactive power, aiming to unity power factor. A VSC is usually controlled through
sinusoidal PWM that operates at high frequency, consequently leading to the generation of
harmonics, therefore filters are included to reduce the harmonic content flowing into the system
[30].
A VSC can be modelled as a Multi-Input Multi-Output (MIMO) non-linear system. Its
non-linear nature causes complexity in the design of the control loops. One possible solution to
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overcome this, is the implementation of two PI controllers to control Vdc/P and Vac/Q separately
[8].
In traditional point-to-point applications, one terminal controls the active power flow P
whilst the other regulates the DC voltage Vdc, and each end can independently control either
the AC voltage Vac or the reactive power Q. Since Vdc changes constantly due to line losses,
one converter must always regulate the direct voltage to ensure power balance. Appropriate
combinations of control strategies (between Vdc/P and Vac/Q) are chosen according to the
specific case [70]. The active and reactive power at fundamental frequency are defined in (2.6)
and (2.7) considering [71]:
P = VsVcsinδ
XL
(2.6)
Q = Vs(Vs − Vc)cosδ
XL
(2.7)
where δ is the phase angle between the supply (Vs) and the converter (Vc) voltages at funda-
mental frequency and XL is the interface reactance between those two. From (2.6) and (2.7) it
is noted that independent control of active and reactive power is possible through the variation
of the phase angle δ and the RMS value of Vc respectively [71].
A schematic representation of the VSC control architecture is illustrated in Figure 2.6. It
consists of measurement devices for voltage and power, a Phase Locked Loop (PLL), a power
controller and a current controller. A decoupled current control strategy in the modified dq0
reference frame with standard PI controllers is applied, as the abc quantities from the AC side
need to be reported in the synchronous reference frame. In order to ensure the decoupled
regulation of P and Q, a PLL is used to lock the d-axis with the AC side voltage [70]. The
power controller operates as shown in Figure 2.7a for P-Q combination and Figure 2.7b for Vdc-
Q combination. The outputs of the power controller are the inputs of the decoupled current
control loop, which deals with Idref and Iqref to generate the modulation signals md and mq as
shown in Figure 2.8. The operations of the current controller are described by (2.8) and (2.9)
[72]:
Vtd = ud − LωIq + Vd (2.8)
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Vtq = uq + LωId + Vq (2.9)
where Vtd and Vtq are the terminal voltage signals in the modified dq0 reference frame that
are sent to the PWM block, ud and uq are calculated from PI controllers, L is the inductor, ω
is the rotating electrical speed, Id Iq and Vd Vd are the actual converter currents and voltages
expressed in the dq0 reference frame. The reference values for the current components Idref and
Iqref are obtained by (2.10) and (2.11) [70], where Pref and Qref are the active and reactive
power references respectively.
Idref =
2Pref
3V d (2.10)
Iqref = −2Qref3V d (2.11)
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Figure 2.6: Schematic diagram of the VSC control scheme.
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Figure 2.7: Schematic diagram of the power controller in case it regulates (a) P-Q or (b) Vdc-Q.
2.3.2 Modular Multi-level Voltage Source Converter
Modular multilevel converters extend the well-known advantages of low and medium power
PWM converter technology (up to 1 GW for two-level VSC) into the high power applications
and replace the previous generations of two-level converters becoming the most popular voltage
source converter topology for HVDC installations [30].
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The MMC technology was first developed in the early 2000’s [73], however it gained visibility
in the HVDC field only after a few projects [74; 75]. Thanks to the decision of many electrical
transmission companies to select this as their preferred VSC option, modular multi-level VSCs
have become the new standard topology. The MMC offers a number of advantages compared
to the two-level topology: smaller power losses due to lower switching frequency, elimination
of filter requirements, easy scalability to higher voltages and increased reliability thanks to the
high number of sub-modules [7].
An MMC can be designed according to several topologies, such as Diode Clamped, Flying
Capacitor, Half Bridge and Full Bridge. The modular design consists of three phases, each of
them including an upper and lower arm (also named stack), as shown in Figure 2.9. Every arm
contains an inductor and a series of sub-modules (SMs), each with a capacitor regulated around
an average voltage. The number of SMs varies according to the converter rating required.
The layout of a sub-module usually follows a half-bridge arrangement, which allows to output
either zero volts or the capacitor voltage. Each sub-module contains two pairs of switches (IGBT
and diode), named T1 and T2, and a capacitor C as illustrated in Figure 2.10. According to
the status of T1 and T2 the output voltage of the sub-module VSM is either 0 or Vc. The
individual voltages from each SM are summed up to a near-sinusoidal stepped waveform [76].
The large number of SMs per arm reduces the voltage rating per module and the harmonic
content of the output waveform improving the power quality [10]. The firing control system
generates switching pulses for each sub-module in order to turn it “ON” or “OFF” and the
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Figure 2.9: Topology of a Modular Multi-level Converter.
desired reference waveform will be produced as a result.
T1
T2
C
Vc
Figure 2.10: Structure of a sub-module using H-bridge cell.
In normal operations a fine step voltage waveform is created by the stacks of the MMC.
The AC current running through the converter is equally divided between the top and bottom
arms of each phase. In a balanced three-phase system, if the circuit is analysed in AC mode the
energy coming from the AC side is fully shifted inside the stacks and stored in the capacitors.
The DC current passes through both the upper and lower arms and goes to the DC bus. The
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DC bus voltage is calculated by the sum of the upper and lower arms voltages, as the arms are
connected in parallel to the DC bus. If the circuit operates in DC mode, the energy stored in
the stacks is then transferred to the DC bus, via the DC current and voltage. In the converter
these two modes of operation occur continuously at the same time and they cause the energy to
be transferred between the AC and the DC sides passing through the stacks of cells. In normal
conditions, the total energy deviation is zero, meaning that all the energy is shifted from the
AC to the DC side (or vice-versa). In the event of an energy imbalance, an amount of energy
is stored and kept in the stacks of cells [69].
2.3.2.1 Control Strategy for an MMC VSC
The MMC is composed by numerous switches that need to be activated at different times to
output a stepped waveform, therefore the voltage of each cell of the stack has to be monitored.
The control system aims to formulate voltage reference signals for each sub-module of the
converter stacks, thus ensuring properly balanced operations of the converter.
The control of an MMC, consisting of several nested control loops, can be divided in upper
and lower level control [7]. Since the arms of the MMC are continuously conducting, the Direct-
Quadrature transformation (dq0 ) is applied to model the AC components [77]. Similarly to the
two-level VSC, the upper level control is in charge of regulating P/Vdc and Q/Vac acting on d
and q current reference signals respectively [77]. The lower level control is specific of the MMC
and it aims to control the voltage of each SM and the circulating current of each phase. It is
structured in three levels of single-model controllers: the energy management obtained through
the energy balancing, the current control loop referenced through a PLL to the AC grid phase
angle, and the cell rotation control in charge of regulating the voltages of the stack cells. A
schematic diagram illustrating the MMC lower level control is pictured in Figure 2.11.
The energy controller regulates the energy level in the converter. The complete energy
management system is composed by average, horizontal and vertical balancing techniques [78].
The average balancing ensures that the energy coming from the AC side is stored into the
stacks and then shifted to the DC side. An extra direct current IE is injected from the DC
side to equalize the input energy to the output energy within the MMC. The horizontal energy
balancing ensures that the total amount of energy stored among the phases is kept constant,
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such that Ea = Eb = Ec. IHbalj is the internal DC current drawn from the converter in order to
facilitate the horizontal balancing. The vertical energy balancing technique is in charge of the
balance between the upper and lower arms within a phase, such that Ej,up = Ej,low. To amend
the mismatch a corrective alternate current (IV balj) is run through the converter. Additional
reactive currents need to be included to make the sum of the vertical balancing currents be
zero [69]. The resulting currents for the upper arms Ij,up and lower arms Ij,low with j = a, b, c
are defined in (2.12) and (2.13) and the current flowing through each phase Ij is described in
(2.14).
Ij,up =
Idc
3 +
Iac
2 +
IE
3 + IHbalj + IV balj (2.12)
Ij,low =
Idc
3 −
Iac
2 +
IE
3 + IHbalj + IV balj (2.13)
Ij = Ij,up + Ij,low (2.14)
The current controller elaborates the control voltage signals that are sent to the stacks
sub-modules. The current references, calculated from the power references and the balancing
currents, are compared to the actual current Ij,actual flowing through the converter arms. The
control voltage signals (Vj,up and Vj,low) are determined considering the error between the ref-
erence and actual currents, the AC voltage Vac and the DC voltages Vdc [69]. The circulating
current suppression control (CCSC) scheme, included in the current controller, prevents the
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distortion of the arm currents as well as the rise of a ripple on the voltage of the sub-module
by reducing the second harmonic component of the circulating currents [79].
Once the stack voltage commands are elaborated by the current controller, they have to be
translated into individual cell orders. The cell rotation algorithm is considered to minimize the
voltage deviations between the cells inside the same stack [69].
2.3.2.2 Internal Energy Management
One of the features that distinguishes the MMC from the two-level VSC is its ability to store
energy within the converter stacks. The cell capacitors are sized large enough so they can
store sufficient energy to prevent the voltage from being distorted too much by the exchange of
energy.
One of the targets of the MMC control strategy is the management of energy, such that it
is kept at a nominal level inside the converter stacks. An accurate explanation of the MMC
energy regulation is offered in [77] and decribes the horizontal and vertical energy balancing
techniques.
The horizontal energy balancing technique, already mentioned in the previous section, reg-
ulates the amount of energy contained in the stacks. It aims to maintain the total amount of
energy stored across all the six stacks at a reference level. A DC current (IHbalj) is drawn by
the converter in order to balance the energy coming from the AC side EAC , defined in (2.15),
with the energy from the DC side EDC , defined in (2.16). This DC current can vary among
different phase converter to cancel out any discrepancy [69].
EAC = 3
∫ T
0
VAC(t)IAC(t)dt
= 3
∫ T
0
VˆACsin(ωt)IˆACsin(ωt+ θAC)dt
= 3 VˆAC IˆACcos(θAC)T2
(2.15)
EDC =
∫ T
0
VDC(t)IDC(t)dt = VDCIDCT (2.16)
The vertical energy balancing technique ensures that the same energy content is stored in
the upper and lower arm of each phase, especially during transients. If an energy deviation is
detected, an additional AC current (IV balj) is run through both arms of each phase converter.
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The real component of this extra AC current interferes with the cell voltage, so the additional
vertical current should be defined in a way that it does not affect the converter DC current.
Thus the sum of all the vertical currents of the three phase converters shall be zero [69]. A
method to do this is suggested in [69]. Initially the current in phase with the converter voltage,
required to maintain the same energy content in the upper and lower arm of each phase is
calculated. Secondly, the quadratic currents in the two other phases, which nullify this current,
are worked out. All these currents are then combined together to find the final vertical current
of each phase. Finally, these are added to the present grid currents.
2.3.3 Alternate Arm Converter
The Alternate Arm Converter (AAC) is one of the latest proposed designs among hybrid convert-
ers [69]. The AAC combines the advantageous features of the two-level and modular multi-level
VSCs. In fact an AAC design merges the harmonic free AC current generation of the multi-level
converter with the architecture of the two-level VSC, such that the number of cells required for
ensuring normal operations is minimized. The key advantage of this topology, which lays out a
lower number of cells, is the ability to deal with DC faults thanks to the presence of H-bridge
cells with charged DC capacitors in the arms. Despite a reduction in the number of devices,
the converter efficiency is not jeopardized and the volume decreases [69].
The converter topology is illustrated in Figure 2.12. Every phase consists of upper and
lower arms, each of them containing a stack of H-bridge cells, a director switch and an arm
inductor. The multi-step voltage waveform is generated by the stacks of cells, and it can be
either positive or negative, as H-bridge cells are used. During normal operations, the AAC
topology uses essentially one arm per half cycle to generate the AC voltage: the upper arm
creates the positive half-cycle of the AC sine wave, and the lower arm the negative part. The
director switch, composed by a series of IGBTs, determines which arm is used to conduct the AC
current [80]. The overlap period occurs at the end of every half-cycle, when one arm terminates
its working period and cedes conduction of the phase current to the opposite arm. The soft-
switching of the director switch, with a consequential reduction of power losses, is achieved as
every arm current is fully controllable. During the overlap period the amount of energy stored
in the converter stacks needs to be controlled [69].
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The control architecture of the AAC relies on a energy balancing approach, which aims to
maintain the energy of the converter stacks as close as possible to their reference value, such
that satisfactory operations of the converter are guaranteed. This is achievable only if the net
energy exchange for the stacks over each half cycle is zero [80]. The converter is able to generate
a multi-step voltage waveform thanks to the presence of the charged capacitors inside the stacks
cells. However, the charge of these capacitors will oscillate over time, according to the direction
of the AC current passing through them, and the switching states of the cells [80].
2.4 Reduced Dynamic Model of Modular Multi-Level Converter
Reduced dynamic models of power electronics systems are often used to represent static switch-
ing converters for system level studies. Since the application of complex and accurate switching
models entails a long computing time and difficulties due to discontinuities, RDMs are be-
coming a significant alternative for large-signal time-domain transient studies and small-signal
frequency-domain analysis.
A reduced dynamic model approximates the initial system by “averaging” the effect of fast
switching within a prototypical switching interval [81]. Generally the dynamic averaged-value
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f¯ of a function f(t), which may represent either voltage or current, over a switching interval Ts
is defined in (2.17) [81].
f¯ = 1
Ts
∫ t
t−Ts
f(t)dt (2.17)
A simple averaging procedure does not lead to the desired result in case of AC/DC con-
verters, therefore the AC variables, in order to appear constant in steady state, should be
initially translated in the synchronous rotating reference frame dq0. In [81], a general proce-
dure for elaborating reduced dynamic models of AC/DC converters is proposed. In an RDM,
the switching cells (and the associated discontinuities) of the detailed model are substituted by
continuous blocks, which represent the averaged performance of cells. Thanks to the continuous
but not always linear nature and the use of larger time steps for digital simulations, dynamic
averaged-value models of power electronics systems can be developed in order to perform sys-
tem level transient studies. An exhaustive overview of the averaging techniques for power
electronics converters is proposed by [10], and more accurate procedures are further discussed
in [9; 82; 83; 84; 85].
2.4.1 Converter Modelling in DIgSILENT PowerFactory for System Level
Studies
DIgSILENT PowerFactory is a well-known software for power system analysis used by a large
number of transmission system operators (National Grid UK, Swissgrid, EDF, EON). This tool
deals with the planning, operation and expansion of power networks, it caters for all standard
power system analysis requirements, comprising the handling of large transmission grids, HVDC
technology and renewable energy source installations, such as wind power [86].
In this thesis, the modelling of large-scale systems including wind farms and HVDC convert-
ers is carried out using DIgSILENT PowerFactory. Besides its powerful capabilities in power
system modelling, the other driving factor was that National Grid and Scottish Power, the
two major TSOs in the UK, use PowerFactory as the software platform for performing system
studies.
In spite of the world-wide recognized capacity of PowerFactory to run system-level studies,
the software displays a limited ability in the design of power electronics. Due to the increasing
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number of HVDC projects based on modular multilevel VSCs, this constraint leads to complica-
tions in the analysis of such systems. Although the realization of two-level VSC is still possible,
the development of a MMC is quite challenging because of the difficulty of dealing with the
cells switching components and the high frequency converter dynamics. The development of an
MMC RDM in PowerFactory is therefore motivated by the urgency of having an MMC block
available for the analysis of mixed AC and DC systems, along with the complexity of realizing
a detailed converter model. The modelling of an MMC RDM in PowerFactory would lead to
the realization of complex mixed AC and DC networks in such software platform and it would
offer the possibility of performing a wide range of system level studies, including the analysis
of AC/DC interactions and the provision of system services via HVDC converters.
2.4.1.1 Simulation Techniques available in PowerFactory
The analysis of power systems dynamic behaviours in time-domain is performed using the tran-
sient simulation functions available in PowerFactory. The studies of electromagnetic transients
and different aspects of system stability is conducted using time-domain simulations for varying
time periods, or small-signal stability analysis tools, such as eigenvalue analysis [86].
In PowerFactory time-domain simulations are initialized by running a valid load flow. Initial
conditions are determined for all power system elements and represent the first steady-state
operating point. An iterative procedure to solve simultaneously AC and DC load flows and the
dynamic model state variable integrals is used [86].
Thanks to the multilevel modelling of power network elements and the use of advanced
solution algorithms, PowerFactory is able to analyse the full range of transient phenomena
occurring in electrical power systems, including electromagnetic, electromechanical and long-
term transients. Three different simulation types are available:
1. a simple function which relies on a symmetrical steady-state Root Mean Square (RMS)
network model for mid-term and long-term transients under balanced network conditions;
2. a three-phase function which uses a steady-state Root Mean Square (RMS) network model
for mid-term and long-term transients under balanced and unbalanced network conditions;
3. an Electro-Magnetic Transient (EMT) simulation function which relies on a dynamic
network model for electromagnetic and electromechanical transients under balanced and
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unbalanced network conditions.
The balanced RMS simulation function is used for the analysis of large power systems, con-
sidering the dynamics of electromechanical, control and thermal devices. It relies on a symmet-
rical steady-state representation of the passive electrical network, where only the fundamental
components of voltages and currents (root mean square values) are taken into account.
In three-phase EMT simulation type voltages and currents are represented by their instanta-
neous values. The high level of detail used to represent network elements allows the simulations
of all phases and of a wide range of events (symmetrical and asymmetrical) for both short and
longer-term transients. However, since the integration step size is smaller compared to RMS
(in the order of ms for EMT and of seconds for RMS), the computational time increases signifi-
cantly. This simulation approach is used for analysing DC and harmonic components of currents
and voltages, the dynamics of HVDC transmission systems (RDM MMC presented in Section
3.2.2), the non-linear behaviour of passive network elements, and the over-voltage phenomena
in switching devices [86].
In Chapter 3, the HVDC converters modelled in PowerFactory are integrated in large AC
grids to generate mixed AC and DC systems. Large power systems are usually analysed using
RMS simulations, unlike AC/DC converters which can only run with EMT simulations. In
order to investigate the dynamics of mixed AC and DC grids, the EMT type of simulations is
the only feasible option to run the system. However, it comes at the cost of remarkably long
computational time. An alternative approach would consist in the combination of transient
(EMT) and stability (RMS) modes. As described in [87], the simulation of a power system is
divided in two parallel parts, one performed in transient mode and the other in stability mode.
2.4.2 Survey of Existing Modelling Techniques for MMC RDMs
A comprehensive description of the available models for modular multi-level VSCs, including
detailed and averaged topologies, is discussed in this section. An exhaustive overview of the
averaging techniques for power electronics converters is proposed in [9; 10; 82; 83; 84; 85; 88].
A complete description of the different types of computational models for modular multi-
level VSCs, depending on the nature of the DC grid phenomena analysed, is given in [88]. It
includes:
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• Type 1 - Full Physics Based Models: switches and diodes are represented by differential
equations;
• Type 2 - Full Detailed Models: based on simplified non-linear IGBT switches;
• Type 3 - Simplified Switchable Resistances Based Models: IGBT and diodes are repre-
sented by two-value resistors;
• Type 4 - Detailed Equivalent Circuit Models: this type of models is based on Type 3 but
uses a computationally more efficient solution method;
• Type 5 - Average Value Models Based on Switching Functions: the AC and DC side char-
acteristics are modelled as controlled current and voltage sources with harmonic content;
• Type 6 - Simplified Average Value Models: the AC and DC side characteristics are mod-
elled as controlled current and voltage sources (phasor domain);
• Type 7 - RMS Load-Flow Models: it is used in steady state.
Despite having different topologies and modelling approaches, the control structure is com-
mon to all the MMC types considered. As mentioned in Section 2.3.2, it is separated into upper
level and lower level controls. The upper level includes the closed loop current and voltage
controllers. The lower controls, dependent on the topology of the valves, create the firing pulses
for regulating the power electronic devices. The AC voltage reference waveforms is regarded as
the interface between upper and lower control levels. Unlike the lower level control, the upper
level control, which comprises Vdc/P and Vac/Q control, is ideally independent of the power
electronics topology implemented. This means that only the design of the lower level control
system needs to be modified when a different converter type is evaluated [88].
In this thesis, the attention is focused on the RDM based on switching functions, where
IGBTs are replaced by controllable voltage and current sources (Type 5 ). The design of such
averaged value model is explained in detail in [10] and relies on several assumptions: all inter-
nal variables are controlled, capacitor voltages of all sub-modules are balanced, all circulating
currents are suppressed.
Considering Figure 2.9, the AC side representation considers the voltage and current in each
phase (j = a, b, c) for the upper (vj,up, ij,up) and lower (vj,low, ij,low) arms defined in (2.18)
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and (2.19) respectively, where Vdc is the DC voltage and Larm is the arm inductor.
vj,up =
Vdc
2 − Larm
dij,up
dt
− vj
vj,low =
Vdc
2 − Larm
dij,low
dt
+ vj
(2.18)
ij,up =
Idc
3 −
ij
2
ij,low =
Idc
3 +
ij
2
(2.19)
The combination of (2.18) and (2.19) gives:
vj,up = econv,j +
Vdc
2
vj,low = −econv,j + Vdc2
(2.20)
with
econv,j =
vj,up − vj,low
2 (2.21)
The MMC control generates econv,j , which represents the reference voltages (vj,up and vj,low)
for each arm. The AC side representation is pictured in Figure 2.13.
The principle of power balance (Pac = Pdc + Ploss) is applied to derive the currents of the
DC side defined in (2.22) and (2.23):
Iloss =
Ploss
Vdc
= Rloss
(I ′dc)2
Vdc
(2.22)
I ′dc =
Pac
Vdc
=
∑
j=a,b,c
econv,j ij
Vdc
(2.23)
where Ploss indicates the converter losses, Rloss is the equivalent resistance representing
switching and resistive losses and I ′dc is the equivalent DC current including converter losses.
Considering (2.22) and (2.23), Idc is defined in (2.24):
Idc = I ′dc − Iloss (2.24)
The DC side representation is illustrated in Figure 2.13, where Ce is the equivalent MMC
capacitance.
In [76], the behaviour of an MMC RDM is investigated and compared with a 401-level MMC
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Figure 2.13: AC side and DC side equivalent circuit for an MMC RDM [9].
detailed model. Results from this study show that the reduced model accurately resembles
the characteristics of the detailed one in case of faults (both AC and DC), reversal of active
power direction and harmonic content analysis. The RDM MMC is demonstrated to precisely
replicate the dynamic performance of the detailed MMC and is considered a valid alternative
for representing power electronics within large transmission systems into EMT-type softwares.
2.5 Conclusions
The basic concepts to understand the behaviour of mixed AC and DC systems and the operating
principles of AC/DC converters are described in this chapter.
Initially the stability issues in modern transmission networks, mainly due to the increasing
penetration of renewable energy sources, to the rise in electricity demand and to the inclusion
of heating and transport in the electricity sector, are discussed.
The dynamics of mixed AC and DC systems, originating by the introduction of HVDC
schemes within existing AC grids, are explained next. The addition of HVDC is expected
to enhance the stability of the host AC networks, thanks to several advantageous features
(faster power flow control, easier management of overloading conditions and mutual support
among systems in emergency circumstances). A number of configuration for HVDC systems is
examined, among those the multi-terminal design is likely to become the preferred option for
connecting onshore AC networks with offshore wind farms.
A comprehensive description of the topologies for voltage source converters is presented in
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the second part of the chapter. VSCs present many advantages compared to LCCs, such as
the independent control of active and reactive power, black start capability and low harmonic
generation, and they have become the preferred technology for HVDC applications. Two-level,
modular multi-level and alternate arm voltage source converters, with the associated control
systems, are described.
It is likely that the majority of upcoming HVDC projects relies on MMC VSC technology,
therefore the development of an MMC model in a system oriented software platform, such
as PowerFactory, is required for studying the effects that these converters may produce on
the host AC grids as well as the system services that they may provide. Due to the limited
ability of PowerFactory to model power electronics, the development of detailed MMC models is
complex and challenging. An alternative option is the development of an MMC reduced dynamic
model. A survey of the most common strategies for developing MMC RDM is discussed, in this
context the attention is focused on the MMC RDM based on switching function (Type 5 ), whose
modelling is described in Chapter 3.
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Chapter 3
Modelling of AC Transmission
Networks and HVDC Converters
The aim of this chapter is the description of a number of models of both AC grids andHVDC converters developed in DIgSILENT PowerFactory to create mixed AC and DC
systems, which will then be used in Chapter 4 for further studies. The AC transmission networks
include dynamic equivalent models of the Great Britain (GB) and the Scandinavian transmission
networks, as well as a multi-machine two area system and a simplified three-node representation
of the Great Britain network. Among the HVDC converter technologies, the two-level and
the modular multi-level voltage source converters are modelled. Finally, the converters are
integrated within the AC networks and the operations of the resulting AC/DC systems are
monitored in normal conditions.
3.1 Modelling of AC Transmission Networks
The modelling of large AC grids is driven by the necessity of having a detailed representation
of transmission systems where to insert HVDC converters in order to explore the performance
of the converters at system-level and potential AC/DC interactions. The modelling in Power-
Factory of several transmission networks is described in this section. The modelling approach
takes into account the rapid evolution that AC networks have been going through during the
last few decades, such as the large penetration of wind energy sources, the demand growth, the
integration of smart grids and the progressive implementation of HVDC schemes.
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The development and benchmark against reference cases [7; 14; 13; 89; 90] of two large AC
grids, representing Great Britain and Scandinavia, is discussed in this section. In addition,
two medium-size power networks, the multi-machine two area system [29] and the three-node
reduced GB network [42; 41], are taken from the literature and modified according to the specific
requirements of the studies to be performed.
3.1.1 Great Britain Dynamic Equivalent Model
The GB network was modelled according to the Electricity Seven Year Statement, published by
National Grid in 2010 [91], it was then modified considering the Electricity Ten Year Statement,
released in 2012 [92]. No future scenarios were implemented during the modelling phase as the
GB network was designed considering the generation and demand profiles that the transmission
system displayed in 2010.
The dynamic equivalent model of the Great Britain (GB) transmission network, modelled
in steady state and dynamic components using PowerFactory and benchmarked against several
reference cases [7; 14; 13; 89; 7; 90] is described in this section.
3.1.1.1 Steady State Model of GB Transmission Network
The steady-state GB transmission network model used here consists of 29 busses and 3 voltage
levels (132 kV, 275 kV, 400 kV). The model is based on and verified against those reported
in [13; 89; 91]. Figure 3.1 illustrates a single-line diagram of the network. It includes 24
synchronous generators, 22 wind farms sites, 63 static loads, 99 transmission lines, 70 two-
winding transformers, 74 shunt filters and 10 Static VAr compensators. The system is divided
in two areas: area 1 covers the northern part (Scotland), and area 2 comprehends the southern
part (England and Wales). Lines 6-9 and 8-10 are the main transmission corridors between the
two areas.
The generation mix is composed mostly of synchronous, but also of non-synchronous genera-
tors, which refer to Fully Rated Converter (FRC) and Double Fed Induction Generator (DFIG)
turbines.
Each synchronous unit represents an aggregate model which includes all the generators of
a selected geographical area. Those units (with their related controls) have been modelled as
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either hydro, steam or gas power plants. The generator’s inertia constant, denoted as H and
measured in seconds, is selected according to [29]. The inertia of steam units, including those
of coal and nuclear power stations, varies in the range between 4 to 10 seconds. The inertia
constant for hydro units ranges between 2 and 4 seconds. The inertia constant for gas power
plants is from 2.5 up to 6 seconds. The summary of the properties of each generator is presented
in Appendix A.1.
The majority of the wind farms are located in area 1 (Scotland). The total power provided
by non-synchronous generation is 1870 MW. This reflects the total wind generation installed in
the GB system in 2010 [91].
The loads are modelled as constant impedance loads [13]. The active and reactive power
components are defined according to the demand calculated with respect to the Average Cold
Spell (ACS) winter peak [89]. As suggested in [13], additional loads are inserted into the model
to take into account the effects of network elements not represented, such as the interconnection
to other national power networks. For example, the interconnectors to Ireland, France and the
Netherlands are modelled as loads. The properties of the loads are listed in Appendix A.2.
The GB network model presents three voltage levels: 132 kV and 275 kV in few nodes
located in the north and 400 kV in the rest of the island. The transmission lines properties and
the elaboration to work out a suitable format for PowerFactory is explained in Appendix A.3.
Capacitive and resistive-inductive shunt filters are implemented in the systems. Static VAr
Compensators (SVCs) are added to improve the voltage profile to the nominal level [52]. SVCs
are modelled in PowerFactory as Static VAr Systems (SVSs) composed by Thyristor Controlled
Reactors (TCRs) and Thyristor Switched Capacitors (TSCs). The properties of shunt filters
and of static var compensators are summarized in Appendix A.4.
Validation of Load Flow of GB Transmission Network
The steady-state model has been benchmarked against a reference case [13]. The model de-
veloped here is different from the reference case under several aspects. The wind farms are
modelled separately rather than being included in the aggregate generation nodes, the com-
pensation systems are tuned differently and the quadrature booster transformers (QBs) are not
implemented at this stage.
Table 3.1 shows the comparison of the main quantities between the reference scheme and the
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Figure 3.1: Single-line diagram of the GB transmission network. The number of each bus is indicated
at the busbar or shown inside the generation unit connected to the busbar.
model. The model is in close agreement with the reference in terms of active and reactive power
for generation and load, outputs from the slack generators and transmission losses. The small
divergences are a consequence of the different assumptions taken during the modelling phase.
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In order to increase the accuracy of the model access to further data is required, assumptions
need to be replaced with certainties, the QBs need to be included and SVCs must be properly
tuned.
Table 3.1: Comparison between reference [13] and model.
Property Reference Model
Generation [GW] 60.3 60.3
[GVAr] 12.4 14.5
Load [GW] 59.8 59.8
[GVAr] 40.4 40.4
Grid Losses [GW] 0.45 0.448
Slack Generator [MW] 996.5 994
[MVAr] 416.2 371.3
[deg] 0 -0.57
A further benchmark, reported in Appendix A.5, is carried out comparing the power flow
in every transmission line to the reference [13].
3.1.1.2 Dynamic Model of GB Transmission Network
Models of dynamic features of generators are developed and incorporated into the network.
The presence of dynamic components is of critical importance for stability studies. Due to the
scarcity of available dynamic data, a number of assumptions needed to be taken.
Generators have been represented by the sub-transients model where the dynamic param-
eters include: direct-axis and quadrature-axis synchronous reactances (xd, xq), transient and
sub-transient reactances (x′d, x′q and x′′d, x′′q), transient and sub-transient time constants (re-
spectively T′d, T′q and T′′d, T′′q), stator resistance (rstr), leakage reactances (xl, xrl) and the
inertia constant (H). The generators transient and sub-transient parameters are summarized
in Appendix A.1 and references [29; 93] are the sources of typical ranges of values. The iner-
tia constant H is of concern for the stability analysis. Hence, attempts are made to calculate
its value considering the specific features of each generator as well as the ranges indicated in
literature [29].
The control loop of a generator, shown in Figure 3.2, consists of an excitation system, known
as automatic voltage regulator (AVR), a power system stabilizer (PSS) and a primary controller
unit (PCU), which is composed by a primary controller (PCO or governor), and by a prime
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mover unit (PMU or turbine).
The principal function of the excitation system is to control the voltage on the field windings
of the synchronous generator. In addition, AVR perform other actions, such as the control of
under-excitation and over-excitation voltages, and the regulation of load compensation [29].
Several types of excitation systems exist: the DC type (which is gradually falling out of use)
uses DC generators as source of excitation power; the AC type adopts AC generators and
rectifiers for the provision of excitation power; the ST (static) type relies on static components,
like transformers, auxiliary generator windings and rectifiers to supply excitation power. A
variety of AVRs, including AC and ST types, have been selected for this study following the
IEEE practice standards [94].
The governor is applied to the prime mover and is in charge of primary control. It regulates
the supply of the working fuel in order to maintain the machine speed within acceptable levels
in the event of a change of torque [29]. Governors are modelled with the specific characteristics
according to the type of prime mover they are associated to (steam, gas or hydro units). In
this case, a dead-band filter is added to each governor to regulate its participation to frequency
response.
A power system stabilizer is placed inside the excitation system and it is used to increase the
damping of power system oscillations due to faults. Typical input signals are the variation of
rotor speed and the deviation of frequency [29]. Various types of PSSs exist, their characteristics
are described in [94]. Due to the lack of available data and to the complexity in the application
of the method proposed by [95] for the design and tuning of PSSs, they are not included in the
GB model. However, this does not jeopardize the validity of the system as PSSs do not have a
relevant impact for the specific studies to be performed.
Validation of Dynamics of GB Transmission Network
The response of the system to several disturbances is examined to understand the dynamic
performance of the model. The tests performed include a loss of a generator event, in order to
observe the frequency response, and an impulse applied at a large generator unit, in order to
trigger a power system oscillation.
The frequency response to a 1800 MW loss of generation applied at generator G19 (Figure
3.1) is illustrated in Figure 3.3. The event considered is the maximum loss of in-feed for the
74 Chapter 3. Modelling of AC Transmission Networks and HVDC Converters
Governor
PCO
Turbine
PMU
Excitation 
System
AVR
Generator
voel
vuel
usetp
upss
ie
ut
uerrs
ptg
xspeed
PCU
Power 
System 
Stabilizer
PSS
pgt
Figure 3.2: Control loop model for a generator. pgt indicates the electrical power, ie the excitation
current, ut the terminal voltage, uerrs the excitation voltage, pt the turbine power, xspeed the speed,
upss the power system stabilizer voltage.
GB network, as stated in [7]. This case reproduces the event which occurred in the UK in May,
2008 [7]. Initially the frequency falls because of the mismatch between generation and load.
Due to the action of governors, the frequency recovers to a new steady-state operating point
after a few seconds. The absence of Automatic Generation Control (AGC) in the GB system
means that the frequency stabilises but does not regain its nominal value and it settles at a new
equilibrium point of 49.45 Hz. This test is in close agreement with the one reported in [7].
Figure 3.3: Frequency response of the system after a 1800 MW loss of generation (at G19).
The dynamic response of the model is further analysed considering a step-change of the AVR
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reference in comparison with the expected response of the system. The AVR voltage set-point
of generator G18 (in Figure 3.1) is increased by 0.05 p.u. for 0.5 seconds before returning to its
nominal value. Figure 3.4 shows the AC power flow in Line 8-10, one of the main transmission
corridors between Scotland and England. The same test has been performed in the Great
Britain transmission network provided by National Grid, which was used as a benchmark. The
dynamic response observed is in agreement with the natural frequency and damping of the
reference Great Britain network. After performing modal analysis, it is found that the system
exhibited an inter-area mode of 0.53 Hz. The inter-area mode exhibits poor damping and settles
in around 70-80 seconds (the power system stabilizers (PSSs) are assumed to be out of service
for this study). The real GB transmission network provided with PSSs settles much faster.
Figure 3.4: Tie-line flow in Line 8-10 in response to an AVR step change event applied at G18.
3.1.2 Scandinavia Dynamic Equivalent Model
A second dynamic equivalent model is included in the study to investigate the interactions
between AC systems connected via an HVDC corridor. The reduced dynamic model for the
Scandinavian transmission network is developed and validated using a procedure similar to the
one adopted in Section 3.1.1.
The Scandinavian system consists of 20 nodes and its topology is shown in the single-line
diagram in Figure 3.5. The generation and demand profiles are defined in accordance with
[14; 90] and listed in Table 3.2. The dynamic models, consisting of AVRs and governors, are
implemented on each generator.
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Table 3.2: Comparison between reference [14] and model for Scandinavia.
Property Reference Model
Generation [GW] 28.1 28.1
[GVAr] 7.8 7.3
Load [GW] 29.9 29.9
[GVAr] 19.7 20.2
Losses [MW] 175 160
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Figure 3.5: Single-line diagram of the Scandinavian transmission network. The number of each bus is
indicated at the busbar or shown inside the generation unit connected to the busbar.
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3.1.3 Multi-Machine Two Area System
The multi-machine system is a four-generator two-area system, it was proposed for the first time
in [29] and it is now broadly recognised in the power system field. It was originally conceived for
studying the fundamental nature of inter-area oscillations. In this study the multi-machine two
area system is modified for carrying out different analysis and for supporting the implementation
of a DC link.
The system consists of two symmetrical areas connected through a pair of 220 km long AC
inter-ties (Ln A and Ln B). Each area is composed by two generation units, three two-winding
transformers, and a constant impedance load, as shown in Figure 3.6.
G1
G2 G4
G3
Ld2Ld1
AC Lines
Bus West Bus East
560 MW
560 MW
Area 1 Area 2
320 kV 320 kV
230 kV 230 kV
Ln_B
Ln_A
Figure 3.6: Single line diagram of the multi-machine two area system.
Generators are modelled as thermal units (steam power plants). Each unit is equipped with
a control loop consisting of an excitation system and a governor [29]. The synchronous machine
rotor circuits are represented by the sub-transient 4th order model according to [29].
The multi-machine two area system is chosen in order to have a multiple-generator AC
network simpler than the GB dynamic equivalent model available for stability studies. In
Section 3.3.1, the original system is modified to accommodate an 800 MW HVDC corridor
between area 1 and area 2. As a consequence, the original generation and demand quantities
reported in [29], are adjusted. In addition, the transmission voltage level is increased from 230
kV up to 320 kV at Bus West and Bus East.
3.1.4 Three-Node Great Britain Network
A simplified three-node representation of the Great Britain (GB) transmission system is de-
scribed in this section and is adopted for stability studies in Chapter 4. The network is devel-
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oped in PowerFactory following [41] and [42]. However, some modifications are made to adapt
the model for the required analysis.
The topology of the system, shown as a single-line diagram in Figure 3.7, consists of 4
busses rated at 400 kV and it is similar to the GB transmission network. The grid is divided in
two areas, the North area represents Scotland, while the South area represents the supply and
load settings of England and Wales. Line 3 and Line 4 represent the two main inter-ties which
connect generation in Scotland with the large demand of England.
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Figure 3.7: Single line diagram of the three-node GB transmission network.
Unlike in [42] where the units in the Northern are designed as wind farms, here all the
generators are modelled as thermal power plants and as aggregate nodes. Each unit is a steam
turbine-driven round rotor synchronous machine and is equipped with a closed control loop
consisting of an excitation system, a power system stabilizer (PSS) and a primary controller
unit (governor and turbine). The AVR models considered are Alternate Current (AC) and
Static (ST) types selected from the IEEE practice standards [94]. Governors are modelled
as steam units in agreement with [29]. PSSs are designed according to the IEEE standards
[94]. As suggested in [41; 42], a 3rd order model is employed to represent the generators. The
generators properties, including sub-transient parameters and inertia constants, are illustrated
in Appendix B.1 and B.2.
The loads are modelled as constant power loads considering [89] and placed in the southern
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part of the network. The AC overhead lines are modelled according to [13] and they are 110
km long.
The original AC grid model is modified to be suitable for the required analysis. Two scenarios
from [89] were considered: the winter peak case and the summer night time case. The generation
and demand data for each case differ from the original setting as they are increased to resemble
the full-size GB network. The number of generation units and loads is changed consequentially
to match the demand for these scenarios. The replacement of wind farms with synchronous
generators is motivated by the need of reducing the computational time for the studies presented
in Chapter 4.
3.2 Modelling of HVDC Converters
Voltage Source Converter (VSC) based HVDC schemes have become an increasingly popular
option for long distance and sub-sea transmission systems over the past decade [96]. Cur-
rently the conventional types of VSCs (two-level and three-level) are being replaced by a better
performing and innovative topology known as the Modular Multilevel Converter [97]. The in-
clusion of these converters, characterized by complex control schemes, in large AC grids may
cause AC/DC interactions that still need to be investigated. The evaluation of the extent to
which the two-level or the modular multi-level VSCs dynamics interact with the dynamics of
a transmission network is of concern. The development of HVDC converters in PowerFactory,
the software platform used for the modelling of large AC grids, becomes therefore an essential
step for investigating the performance of mixed AC and DC systems.
PowerFactory is a broadly known power system analysis software used by a large number of
transmission system operators. It deals with the planning, operation and expansion of power
networks and its strength for system-level studies is recognized world-wide. However, the soft-
ware has limited abilities in the design of power electronics. Although the realization of two-level
VSC is still possible thanks to the presence of dedicated blocks, the development of an MMC is
not trivial because of the difficulty of dealing with the cells switching components and the high
frequency converter dynamics. The development of a reduced dynamic model (RDM) MMC
in PowerFactory is therefore motivated by the urgency of having an MMC block available for
stability studies of mixed AC and DC systems, along with the complexity of realizing a detailed
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converter model.
In this section the development in PowerFactory of a two-level VSC and a modular multi-
level VSC with the respective control schemes are described. The converters are arranged as
a balanced monopole in point-to-point links in order to monitor the operations during normal
and abnormal conditions and to benchmark the RDM MMC against an equivalent reference
case, developed using a different software (PSCAD/EMTDC).
3.2.1 Two-Level Voltage Source Converter
The two-level VSC is modelled in PowerFactory as a Pulse Width Modulation (PWM) converter,
able to support either sinusoidal or rectangular modulation. The control scheme is based on a
decoupled current control strategy in the synchronous reference frame dq0 and on PI controllers
[98], as described in Section 2.3.1. The standard control scheme of a two-level VSC can be
modified in order to add extra control features. For example, to limit the grid frequency
deviation outside the acceptable range, the supplementary frequency droop control needs to be
implemented in the HVDC converters. The addition of such schemes allows the HVDC system
to actively participate to the provision of frequency support.
3.2.1.1 Supplementary Frequency Droop Control
The implementation of a supplementary frequency control scheme to the outer control loop of
a two-level VSC provides frequency support to the AC networks interconnected via an HVDC
link and it potentially leads to an increase of the level of coupling between separated areas or
AC systems. In case of a loss of generation in an AC grid, the supplementary control allows
a faster restoration of the frequency within the acceptable range by regulating the DC power
flow, at the cost of perturbing the other AC system.
The operating principle of the supplementary frequency droop control relies on the “active
power-frequency” characteristic [99], according to which the active power across the DC link
is regulated considering the frequency deviation in the AC grid. The variation in power for
a given variation in frequency is known as the droop of the system Rdroop and it is described
by (3.1). The measured grid frequency fmeas is compared with the nominal frequency fnom (50
Hz). If any deviation larger than the dead-band limit (± 0.02 Hz) is detected, the DC line
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power order P is modified considering the power set-point Pset. A look-up table is used for
defining the droop characteristic Rdroop. The regulation of the droop control varies according
to the specific operational requirements. In accordance with (3.1), it is sufficient to apply a
proportional control to regulate the power. The supplementary control loop is shown in Figure
3.8.
Rdroop = −fmeas − fnom(P − Pset) (3.1)
Dead  
Band
Droop
+
fmeas
fnom
Df Df’ Pdroop
max
min
- +
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-
Pdc
Figure 3.8: Supplementary frequency droop control scheme.
The effect of droop control can be examined analytically through the swing equation (3.2)
[29]. The ROCOF (rate of change of frequency) depends on the equivalent inertia of the sys-
tem H′eq and on the imbalance between generation and demand (Pg-Pl). The term Pdroop is
considered only if the droop control is applied and it indicates the modulation of the power, as
defined in equation (3.1).
df
dt
= H ′eq(Pg − Pl + Pdroop) (3.2)
Assuming that all machines swing coherently, the equivalent inertia constant of the multi-
machine system H′eq is calculated in (3.3), where Hi is the inertia constant of each generator,
SBi is the machine rating and n is the total number of machines in the system.
H ′eq =
∑n
i=1(HiSBi)∑n
i=1(SBi)
(3.3)
3.2.2 Reduced Dynamic Model of a Modular Multi-level Converter
A detailed full scale model of an MMC may require the representation of several thousand
individual switching components. Reduced Dynamic Models of MMCs aim to accurately capture
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the dynamic performance of a full switching model at significantly decreased computation cost.
RDMs of power electronics designs are therefore the preferred representation of static switching
converters in system level studies. Since the application of complex and accurate switching
models requires a long computing time for electro-magnetic transient type (EMT) simulations,
the RDMs are becoming a valuable alternative for large-signal time-domain transient studies.
A RDM approximates the initial system by “averaging” the effect of fast switching within
a prototypical switching interval [81]. An exhaustive overview of the averaging techniques
for power electronics converters is offered by [9] and discussed in Chapter 2, more detailed
procedures are further reviewed in [10; 82; 83].
The topology and the control scheme of the MMC RDM developed in PowerFactory are
explained in this section. Due to the software limited ability of modelling in the power electronics
field, the realization of an RDM is the only viable option for MMC modelling.
3.2.2.1 Circuit Topology
A variety of reduced dynamic models for modular multi-level VSCs have already been proposed
[9; 10; 82; 83; 84; 85] . In the RDM based on switching functions (indicated as Type 5 in Section
2.4.2), the switching components are modelled as controlled voltage and current sources [10; 85].
In Figure 3.9 the diagram for the MMC RDM (Type 5 ) is illustrated. On the AC side, each arm
is represented by an arm reactor and a controlled voltage source. To ensure the correct power
transfer, the principle of power balance (Pac = Pdc + Ploss) is applied on the current sources
on the DC side [10].
Vj,up
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I’dc
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Figure 3.9: Traditional MMC RDM topology [10].
Despite having the same electrical topology, the layout of an MMC RDM designed in Pow-
erFactory for the planned studies requires a few differences with respect to the conventional
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representation. Unlike what has been established in the literature [9; 10; 85], the suggested
MMC RDM topology displays only two three-phase controlled voltage sources blocks, two arm
inductors and a phase inductor. The three phases for the upper or the lower arms are compacted
inside a single voltage source block, but still controlled independently. A significant difference
appears on the DC side, where a DC voltage source replaces the usual DC current source. The
selection of the DC voltage sources is dictated by the software limitations. The DC voltage
source is controlled via the inner control algorithms and supplies the rated DC voltage. AC
transformers are not included at this stage. Figure 3.10 illustrates the layout of a stand-alone
MMC RDM, and Table 3.3 lists its properties.
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Figure 3.10: MMC RDM structure in PowerFactory.
Table 3.3: Properties of MMC RDM.
Parameter Value
Prated [MW] 800
Vac [kV] ± 320
Vdc [kV] 320
Frequency [Hz] 50
Phase Inductor [mH] 40.7
Arm Inductor [mH] 163
Despite the differences in the plant layout, the MMC RDM topology in PowerFactory will
be demonstrated to be equivalent to [10] through the tests discussed in Section 3.2.3.
A significant simplification of the control architecture justifies the use of two controlled AC
voltage source blocks instead of six. A set of three command signals are sent to the upper and
lower sources so that each phase is regulated independently. Specifically there are two blocks
of controlled AC voltage sources, and each of them contains three actual voltage sources. An
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array of three voltage signals is sent to each voltage source (upper and lower). This allows
the independent control of every phase along with the simplification of the topology and the
control scheme. In PowerFactory a dedicated block for a controlled voltage source does not exist,
therefore the input voltage signals need to be defined by the control scheme. In the case where
six sources were used, still an array of three signals would be sent to each source. However, this
would contain an actual reference for phase a, and two null references for phase b and c (and so
on for each phase of the upper and lower arm). The use of only two three-phase voltage source
blocks controlled via an array of three no null signals simplifies the control scheme significantly.
Another main difference is the representation of the DC side of the converter as a Thevenin
equivalent voltage source, replacing the usual DC current source, due to software limitations.
Since the software is not able to perform the load flow calculation in grids which do not contain
active elements (voltage sources), the DC side must be modelled using an alternative design.
Initially a controlled DC current source was implemented. Despite the fact that the system
was working properly in stand-alone configuration (thanks to the presence of the other DC
voltage source on the DC side), PowerFactory could not perform the load flow calculation when
the system was arranged as point-to-point link. The DC side resulted as deactivated and the
software was not able to recognize that portion of the grid. This is the reason why an alternative
configuration, which includes active elements (voltage sources) on the DC side, is proposed.
Finally an artificial connection between the AC and DC busses is emulated via the control
system, as PowerFactory, unlike Matlab Simulink, does not permit to link together at the same
bus bar AC and DC components.
3.2.2.2 Control Architecture
A simplified version of the control strategy for detailed MMC models [100; 101] was implemented
in the RDM. It generates a set of reference signals for the voltage source blocks, in order to
control the currents within the converter, according to the principles described in [69; 80]. The
control algorithm is based on an energy balancing approach [69], that takes into account the
energy content of every converter arm to derive the reference signals that nullify the energy
deviation between arms and that maintains the energy within each arm at a nominal value. As
Figure 3.11 illustrates, the scheme consists of various nested control loops: the measurement
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system, the energy controller, the current controller and the DC side controller.
CONTROLLER
SYSTEM
M
SIDE
LER
LER
Figure 3.11: Schematic diagram of the MMC RDM control system.
Measurement System
The voltage and current measurement blocks calculate the voltage and current flowing
through each arm. Since the currents in PowerFactory are normalised two-axis plus zero se-
quence form (known as ir, ii, i0) in the measurement stage these are denormalised using (3.4)
and subject to the Clarke transform (3.5) to recover the phase currents ia, ib, ic. The rating of
the measurement device is indicated by irated, the current nominal value by inom and iα, iβ, iγ
are intermediate variables. An equivalent formulation is valid for the voltage.

iα(t)
iβ(t)
iγ(t)
 =

ir
ii
i0
× ( inomirated
)
(3.4)

ia(t)
ib(t)
ic(t)
 =

1 0 1
−12
√
3
2 1
−12 −
√
3
2 1
×

iα(t)
iβ(t)
iγ(t)
 (3.5)
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Energy Controller
In normal conditions, the capacitors of each sub-module of an arm are required to carry
a portion of the arm current for each cycle, therefore they experience a voltage ripple. The
total energy contained within each arm is subject to a cycle-by-cycle energy deviation. During
abnormal conditions, the energy level may be disturbed, drifting away from the nominal set-
point. For this reason an energy controller is required. It regulates the energy content in the
whole converter, as well as the distribution of energy between arms.
In a detailed model of an MMC, the nominal energy in every arm Earm,nom is defined in
(3.6). It depends on the number of cells (or sub-modules) per arm Ncell, the cell capacitance
Ccell and the cell nominal voltage Vcell,nom [69]. Usually, Vcell,nom=1.5 kV, Ccell varies according
to the converter rating, and the number of cell is defined by (3.7).
Earm,nom(t) =
N cell
2 × Ccell × V cell,nom
2(t) (3.6)
N cell =
V DC
V cell,nom
(3.7)
Specifically, the electrostatic energy of each MMC cell, Ecell is defined as in (3.8).
Ecell =
1
2CcellV cell,nom
2 (3.8)
From 3.8, assuming proper operation of the energy controller and neglecting the voltage
drops across the arm reactors, the energies Ej,up and Ej,low stored in each phase (j = a, b, c)
for the upper and lower arms are calculated as in (3.9) and (3.10), where Cj, up and Cj, low are
the equivalent capacitances for the upper and lower arm cells.
Ej,up = C j, up × V dc2 = Ccell
N sm
× V dc2 (3.9)
Ej,low = C j, low × V dc2 = Ccell
N sm
× V dc2 (3.10)
The total energy per phase Ej,tot is elaborated from the sum of the energy contribution of
the upper and lower arms, as expressed in (3.11).
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Ej, tot = Ej,up + Ej,low (3.11)
The total energy stored in the three phases of the converter EMMC is calculated as the sum
of Ej, tot and it is defined in (3.12), where the equivalent capacitance Ceq is described in (3.13)
[102].
EMMC(t) =
∑
j
Ej, tot = 3
Ccell × V dc2
N cell
= Ceq × V dc
2
2 (3.12)
Ceq =
6Ccell
N cell
(3.13)
As shown in Figure 3.11, the energy controller of the RDM MMC consists of the power
calculation block, the energy calculation block, the vertical, horizontal and average balancing
blocks. In the power calculation block, since the measurement of individual cell voltages is
not available, the instantaneous power of each arm is elaborated from the product between the
voltage generated by the arm and the current flowing through it, provided by the measurement
stage. In the energy calculation block, the energy deviation of each arm is then calculated by
integrating the instantaneous power of the arm and subtracting it to the nominal energy stored
within the arm. The operative principles of the energy controller are shown in Figure 3.12. The
energy stored in the upper and lower arms (Ej,up and Ej,low) for phase j = a, b, c is given by
(3.14) and (3.15). The arm currents and voltages are defined as iacj and uacj . The DC current
and voltage are defined as idc and udc.
Ej,up =
∫ [
(−iac j,up(t) + idc(t)3 )× (−uac j,up(t) +
udc(t)
2 )
]
dt (3.14)
Ej,low =
∫ [
(iac j,up(t) +
idc(t)
3 )× (uac j,up(t) +
udc(t)
2 )
]
dt (3.15)
The complete energy management system consists of average, horizontal and vertical bal-
ancing techniques [77]. It aims to maintain the energy content of the whole converter at the
nominal value, so that the energy is distributed homogeneously among the arms, as shown in
Figure 3.13 and 3.14 for the upper and lower arms respectively.
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Figure 3.12: Schematic diagram of the energy controller.
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(a) Upper arm, phase a.
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(b) Upper arm, phase b.
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(c) Upper arm, phase c.
Figure 3.13: Action of the energy balancing, energy in upper arms.
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(a) Lower arm, phase a.
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(b) Lower arm, phase b.
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(c) Lower arm, phase c.
Figure 3.14: Action of the energy balancing, energy in lower arms.
The average energy balancing technique attempts to maintain the overall energy stored
within the converter at its nominal value, so that the power from the AC side is equal to the
power going to the DC side, as illustrated in Figure 3.15a. The overall balancing current,
Idc,balTot shown in Figure 3.15b, is added as an offset to the DC current reference.
The horizontal energy management aims to balance the stored energy between each phase
leg of the converter such that Ea = Eb = Ec, by running a DC horizontal balancing current
(IHbal,j). The effectiveness of the horizontal balancing is shown in Figure 3.16a, as the energy in
each leg of the converter are observed to be identical. The vertical energy management aims to
3.2 Modelling of HVDC Converters 89
10.8.06.04.02.00.0 [s]
1.0
0.5
0.0 Pdc Pac 
D
Ig
S
IL
E
N
T
[pu]
(a) Pac,ref and Pdc,ref.
10.8.06.04.02.00.0 [s]
1.00
0.60
0.20
-0.20
-0.60
-1.00
D
Ig
S
IL
E
N
T
[kA]
(b) Average balancing: Idc, bal Tot
Figure 3.15: Action of the average energy balancing.
maintain an even balance in the energy stored within the upper and lower arms of each phase,
in order to have Ej,up = Ej,low. This is achieved by running through the converter a corrective
alternating current (IVbal,j). Figure 3.16b indicates the deviation between the energy content
of the upper and lower arms for each case. The efficacy of the vertical balancing technique is
proven as the deviation is noted to be close to zero for every phase.
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(a) Horizontal balancing: energy in each phase.
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(b) Vertical balancing: energy deviation in each
phase
Figure 3.16: Action of the horizontal and vertical energy balancing. Red indicates phase a, green phase
b, and blue phase c.
Current Controller
The current controller generates the control voltage signals that are sent to the controlled
voltage sources. It consists of the power management block, the current controller block and
the signal generator block. In the power management block, the AC current references (Iac j,ref)
are generated from the power set-points and using the AC grid phase angles measured with a
Phase Lock Loop (PLL). In the current controller block, the current references are defined as
combination of the outputs of the energy balancing controller (IHbal,j and IVbal,j) and the power
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management block. The resulting reference current sets (Ij,up and Ij,low) are expressed in (3.16)
and (3.17). The reference is then compared to the measured currents of the upper and lower
arms (ia, ib, ic) in order to derive the error signals (errj,up, errj,low). As shown in Figure 3.17,
the errors are then fed into the AC signal generator that creates the voltage commands for
the controlled AC sources, Vsig j,up and Vsig j,low [69; 77; 103], by applying a Linear Quadratic
Regulator (LQR) control method.
I j,up =
Iac j,ref
2 + IVbal,j + IHbal,j (3.16)
I j,low = −Iac j,ref2 + IVbal,j + IHbal,j (3.17)
Vp j Vsig j,up
+
I j,up
v j
-
i j,up err j,up
+
I j,low
-
i j,low err j,low
KLQRa
KLQRb
+ +
Vm j Vsig j,low
v j
KLQRa
KLQRb
+ +
Figure 3.17: Schematic diagram of the signal generator block in the current controller. The LQR
parameters are calculated in Matlab and then implemented in PowerFactory as proportional gains.
DC side Controller
In the DC controller, the DC signal generator block operates the controlled DC voltage
source. Vset is a function of all the DC current components present in the circuit. The actual
Idc, the reference Idc ref and the Idc, balTot output of the average energy balancing are combined
and passed to a proportional controller to produce the DC voltage command for the controlled
DC voltage source.
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3.2.2.3 Overload Capability
Several factors, such as the peak arm current, the modulation index of the converter arms
and the peak cell voltage, limit the power range of MMCs. The use of appropriate techniques
modifies the effect of these factors, stretching the limitations and allowing the converters to
expand the power range [104].
The peak arm current limit is the maximum current the IGBTs safely support without
exceeding the Safe Operating Area (SOA). The reduction of such maximum limit allows the
converter to expand the PQ envelope by using the headroom usually reserved for fault condi-
tions, when running in standard mode. The injection of controlled circulating harmonic currents
within the converter is the method applied in this study for providing overload capability with-
out over-sizing the converter stations. Despite causing additional losses in normal conditions,
due to the injection of harmonic currents, this strategy allows the converter to ramp into the
overload region during emergency events [105].
The reduction of the peak arm currents flowing through the converter is achieved by injecting
circulating current composed by the 2nd and 4th harmonics. Figure 3.18a shows the peak arm
current for one phase with and without the injection of the circulating current. The injection of
the 2nd and 4th harmonic current components makes the peak arm current asymmetric. When
the even harmonics are in phase with the fundamental they lower only the top peak and increase
the nadir of the arm current, while the low peak remains unchanged. The harmonic currents are
illustrated in Figure 3.18b. The introduction of circulating currents expands the active power
limit imposed by the maximum peak arm current up to 30% [105].
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(a) Peak current reduction. Green indicates normal
peak current, red indicates the peak current after
the injection of circulating currents.
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(b) Circulating currents.
Figure 3.18: Injection of circulating currents.
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The overload capability is expected to act in emergency situations, such as loss of in-feed
events. In attempt to contain the frequency deviation, the HVDC system enters the overload
region to allow a larger power transfer. In order to accommodate the overload capability feature,
two components are added to the control architecture of the MMC RDM: the power droop
block, which senses the frequency fall and regulates the DC power transfer accordingly, and the
harmonic injection block, which allows the converter to operate in overload. The additional
blocks are integrated in the MMC RDM control system as shown in Figure 3.19.
PLL
Power 
Droop
Power 
MGMT
Harmonic 
Injection
SUM
I Vbal,j 
I H bal,j 
I ac, j ref  
I inj,  j 
P droop 
I dc 
I ac 
cosphi 
sinphi 
f
Figure 3.19: Schematic diagram of the power droop block and harmonic injection block.
The power droop block works as described in Section 3.2.1. The frequency fluctuation defines
the power deviation modifying the power set-point in the power management block. Considering
the converter thermal ratings, saturation limits are set on the power reference signal to prevent
damages to the circuit.
The harmonic injection block creates the circulating currents, according to the procedure
described in [105]. The circulating currents contribute to the definition of the reference current
set in the sum block, as defined in (3.18) and (3.19) and illustrated in Figure 3.19. The reference
current sets for the upper and lower arms are indicated as Ij,up and Ij,low, Iac j,ref is the reference
designed in the power management block, IV bal,j and IH bal,j are the vertical and horizontal
balancing currents, and Icirc,j represents the circulating current.
I j,up =
Iac j,ref
2 + IV bal,j + IH bal,j + I inj,j (3.18)
I j,low = −Iac j,ref2 + IV bal,j + IH bal,j + I inj,j (3.19)
3.2.3 Operations of HVDC Converters
The operations of the HVDC converters developed in Sections 3.2.1 and 3.2.2 are tested in this
section. The converters are arranged in point-to-point schemes. The system response after the
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application of an AC side fault is observed. Furthermore, an equivalent point-to-point link is
realised in PSCAD/EMTDC and used as a benchmark to validate the performance of the MMC
RDM developed in PowerFactory. The selection of PSCAD/EMTDC is motivated by the fact
that it is a power system oriented software and it provides a detailed MMC VSC built-in block.
The HVDC link is laid out as a balanced monopole, as illustrated in Figure 3.20. The
converters are either two-level or modular multi-level VSCs. They are rated at ±320 kV, 800
MW. The outer control strategy defines the rectifier end (CONV1) to work in P-Q control mode
(set point at 800 MW, 0 Mvar), whilst the inverter end (CONV2) is set to operate in Vdc-Q
control mode, maintaining constant DC bus voltage and unity power factor at the point of
common coupling terminal T2 (±320 kV, 0 Mvar). The AC grids are represented as equivalent
voltage sources. The DC lines are modelled as underground cables and implemented using a
lumped parameter model. The lines properties are listed in Table (3.4).
CONV CONV
Figure 3.20: HVDC point to point link.
Table 3.4: DC Cable Parameters.
Parameter Value
Vrated [kV] 320
Irated [kA] 1
Length [km] 100
Resistance [mΩ/km] 11.3
Capacitance [µF/km] 0.212
Inductance [mH/km] 0.362
3.2.3.1 Two-level VSC-based HVDC Point-to-Point Link
In this case the point-to-point link is equipped with the two-level VSC described in Section
3.2.1. A set of time-domain simulations is performed in PowerFactory to monitor the system
behaviour in normal and abnormal conditions. The system operations in steady state are visible
in Figure 3.21 in the period before the occurrence of the fault. A three-phase symmetrical fault
is applied at T1 at t = 0.2 seconds and it is cleared in 200 ms. Figure 3.21 shows the system
dynamic response on the AC and DC side. The AC voltage variation is illustrated in Figure
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3.21 (a). In Figure 3.21 (b), Vdc drops without exceeding the acceptable limits (± 5%) and
rapidly recovers to its nominal value once the fault is cleared. In Figure 3.21 (c), Idc reaches
the zero crossing and it regains its normal state afterwards. Figure 3.21 (d) shows the active
power from the AC (blue) and DC (green) side, Pdc follows the profile of Pac. The post-fault
response is observed to be as expected, proving the validity of the designed system.
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Figure 3.21: Dynamic response of the system after a three phase fault: (a) AC side Voltage at T1; (b)
DC side voltage; (c) DC current; (d) Active power in the AC and DC side of CONV1.
3.2.3.2 MMC-based HVDC Point-to-Point Link
A representative set of time domain simulations are run in PowerFactory and PSCAD/EMTDC
in order to validate the response of the point-to-point link equipped with the MMC RDM
described in Section 3.2.2. The dynamic performance of the system is examined in normal and
abnormal conditions, considering the application of a three-phase fault at T1.
The HVDC link is observed to work properly under normal conditions. At the initialization,
the converters respond quickly and the steady state is reached promptly. The waveforms are of
high quality, with insignificant harmonic distortion on the AC side or ripple on the DC side.
Point-to-Point Link in PowerFactory
A solid three-phase symmetrical fault is applied at T1 on CONV1 at t = 1 second and it is
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cleared after 200 ms, as illustrated in Figures 3.22 (a). Figures 3.22 (b), (c) and (d) show the
dynamic response from the DC side considering Vdc, Idc and active power. The cross-over and
change of direction of the direct currents visible during the fault is caused by the energy stored
in the arms.
Figure 3.22 (d) shows the active power from the AC (green) and DC (blue) side, Pdc follows
the profile of Pac. The discrepancy between the areas defined by the two power curves, named
En1 and En2, indicates the energy deviation of the arms. When the fault is applied, the cells
are depleted and Pdc<Pac (in En1). After the fault is cleared, the cells absorb energy and are
recharged (in En2). The total energy deviation is displayed in Figure 3.23 for CONV1 (blue)
and CONV2 (green). As expected, the energy deviation in CONV1 is subject to fluctuations,
whilst the energy deviation of CONV2 remains undisturbed. The energy deviation defines the
storage requirement of the converter and correlates the behaviour of the AC and DC sides [106].
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Figure 3.22: System dynamic response in PowerFactory. (a) AC side Voltage; (b) DC Voltage; (c) DC
current; (d) Active power from the AC and DC side.
Figures 3.24 (a) and (b) illustrate the voltages of the upper and lower arms within each
phase of the converter. The expected DC offset [107] is not visible as it has not been included
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Figure 3.23: Total energy deviation for CONV1 and CONV2.
directly in the definition of the voltage commands for the controlled source. However, it has
been considered in the energy mechanism. The waveforms are of good quality, the signals go to
zero during the disturbance and recover to the nominal value as soon as the fault is cleared.
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Figure 3.24: CONV1 phase voltages for the upper (a) and lower (b) arms.
Point-to-Point Link in PSCAD/EMTDC
A single-line diagram of the MMC station and the controls associated with it are illustrated
in Figure 3.25. The PLL ensures that the d’ axis of a synchronously rotating reference frame d’-
q’ is aligned to Vac to permit decoupled control of active and reactive power. The MMC stations
considered here are represented using a Detailed Equivalent Circuit (DEC) based model. The
internal controls include the lower level controls (capacitor energy balancing, circulating current
suppression) and upper level controls (power controllers, decoupled current control) [11].
The MMC settings match those defined at the beginning of Section 3.2.3. Each MMC
station includes 401-levels per phase. The MMC-based HVDC link includes two underground
DC cables. The 320 kV single-core cables are modelled according to the frequency-dependent
model explained in [108].
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Figure 3.25: Single line diagram of a MMC. Rc and Lc are the aggregated resistance and inductance of
converter transformer and phase reactors [11].
Validation with respect to PSCAD/EMTDC
The equivalent point-to-point HVDC link developed in PSCAD/EMTDC and discussed in
the previous section is used as a benchmark. The same event, a solid three-phase symmetrical
fault, is applied at T1 as shown in Figure 3.26 (a). The response of the system is shown in
Figure 3.26 (b), (c), (d) and compared to Figure 3.22 (b), (c), (d). It is observed that the
quantities are closely matched. The voltage, current and power waveforms follow reasonably
similar patterns despite some differences due to the way the fault transient is defined (different
fault impedance), the time-step at which the simulations are run (50 µs for PSCAD/EMTDC
and 100µs for PowerFactory) and the level of detail the converter is modelled in the two cases.
The direct voltage presents the same profile in both cases (Figure 3.22 (b) and Figure
3.26 (b)). However, its deviation is smaller in PowerFactory, where the voltage variation is
limited by the robustness of the DC signal generator block (tuned to restrict the voltage drop
in case of AC side disturbances). In the MMC DEC, the voltage is regulated through the
upper level control scheme and its variation is larger. The direct currents shown in Figure
3.22 (c) and Figure 3.26 (c) display a close behaviour. The smaller time-step and the more
detailed model used in PSCAD/EMTDC allow to capture the converter dynamics thoroughly,
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showing a more meticulous representation of the direct voltage and direct current than the one
offered by PowerFactory. The oscillations observed in the MMC DEC behaviour are therefore
a consequence of a more accurate representation of the converter dynamics as well as a more
detailed control scheme.
In Figure 3.22 (d) and Figure 3.26 (d) the power curves nearly match and Pdc follows Pac.
The same discrepancy between the power curves is observed in both cases. The area contained
between Pac and Pdc indicates the total energy deviation within the converter during the fault.
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Figure 3.26: System dynamic response in PSCAD/EMTDC. (a) AC side Voltage; (b) DC Voltage; (c)
DC current; (d) Active power from the AC and DC side.
3.3 Integration of AC Grids and HVDC Converters
The HVDC converters discussed in Section 3.2 are integrated in the AC grids described in
Section 3.1 to originate a number of mixed AC and DC systems. First, a multi-machine two
area system containing either a two-level or a modular multi-level VSC-based HVDC link is
described; second, two point-to-point MMC-based HVDC links are introduced in the three-
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node GB system to connect a remote grid; finally, a large HVDC link equipped either with a
two-level or a modular multi-level VSC is used to connect the transmission system of Great
Britain to the Scandinavian one. The operations of AC/DC systems are tested in normal
conditions. This verification is preliminary for further stability studies.
3.3.1 Multi-Machine Two Area System with an embedded VSC HVDC Link
The operations of mixed AC and DC systems including HVDC links based on different VSC
technologies are investigated in this section. The assessment of the performance at system
level of two-level or modular multi-level VSC-based HVDC links is of concern, as it would
largely simplify the analysis of AC/DC system interactions in case the two technologies are
demonstrated to operate in the same way.
An HVDC corridor is embedded in the multi-machine two area system described in Section
3.1.3. The DC link connects area 1 with area 2 and it is placed in parallel to the AC inter-
ties, as illustrated in Figure 3.27. The HVDC stations are equipped either with a two-level or
a modular multilevel VSC. The converter connected to area 1 is regulated in P-Q (800 MW,
0 Mvar), while the converter on the side of area 2 is controlled in Vdc-Q (320 kV, 0 Mvar).
The properties of the system generators and loads, of the converters, of the AC lines and the
DC cables are listed in Tables 3.5, 3.6 and 3.7 respectively. Different VSC technologies are
implemented to assess the impact they may produce on the dynamics of an AC network.
Line A
Line B
Figure 3.27: Multi-machine two area system with the HVDC corridor embedded.
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Table 3.5: Properties of the Multi-machine two area system.
Unit P [MW] Q [MVAr]
G1 900 185
G2 900 235
G3 (SL) 650 185
G4 650 202
Ld1 640 100
Ld2 2480 250
Table 3.6: Properties of Converter Stations
Property CONV1 CONV2
Vac [kV] 320 320
Vdc [kV] ±320 ±320
Srating [MVA] 1000 1000
Idc [kA] 1 1
3.3.1.1 Multi-Machine Two Area System: Steady State
The operations of the multi-machine two area system including the two different VSC tech-
nologies are monitored in steady state. The results from the load flow analysis are illustrated
in Figures 3.28 and 3.29 for the two-level and the modular multi-level VSC-based HVDC link
respectively. The values of the loads are adjusted so that the AC and DC power transfers
between the two areas are the same. The active power flows are similar, apart from the active
power output from generator unit G3 modelled as slack machine. Due to software limitations,
the presence of the controllable voltage sources in the RDM MMC conflicts with the slack gen-
erator and the power mismatch between demand and supply is provided by the voltage sources
instead of by the synchronous machine.
Table 3.7: Properties of AC Lines and DC Cable.
Property AC Lines DC cable
Vrated [kV] 320 320
Irated [kA] 4 1
Resistance [Ω/km] 0.0529 0.0113
Inductance [Ω/km] 1.4032 0.362
Capacitance [µF/km] 0.0087 0.212
Length [km] 110 110
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Figure 3.28: Load flow in the multi-machine two area system with two-level VSC-based HVDC link.
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Figure 3.29: Load flow in the multi-machine two area system with MMC-based HVDC link.
A representative set of time domain simulations is run to assess the system performance
in normal conditions. The behaviour of the multi-machine two area system including a two-
level VSC based-HVDC link (red) is compared to the behaviour of the multi-machine two area
system including a MMC VSC based-HVDC link (green) in Figures 3.30, 3.31 and 3.32. Once
the initialisation transient has finished, the two systems in steady state are observed to perform
in the same way. As shown in Figure 3.30, the frequencies in the two areas are kept at nominal
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value. In Figures 3.31 and 3.32 the DC and AC power flows between the two areas are noted
to be identical.
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Figure 3.30: Frequency at Bus West (a) and at Bus East (b) in steady state. Red refers to the system
with two level VSCs and green to the system with MMC VSCs.
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Figure 3.31: DC power flow in steady state. Red refers to the system with two level VSCs and green
to the system with MMC VSCs.
This initial test demonstrates that in steady state the performance of the multi-machine
systems including different VSC technologies is the same. However, the use of a reduced model
for the representation of the MMC (Section 3.2.2) may not take into account some dynamic
control loops, that are considered accurately in a detailed MMC model and may influence the
system performance.
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Figure 3.32: AC power flow in Line A (a) and in Line B (b) in steady state. Red refers to the system
with two level VSCs and green to the system with MMC VSCs.
3.3.1.2 Multi-Machine Two Area System: Small Signal Disturbance
The dynamic response of the multi-machine two area system to a small-signal disturbance is
investigated to find out how much differently the VSC technologies considered may react. A
small-signal perturbation, in the form of a Fourier series, is applied at the power reference of the
rectifier end (CONV1). The Fourier signal is shown in Figure 3.33. It is defined by a frequency
step of 0.2 Hz, a minimum frequency of 0.1 Hz and a maximum peak-to-peak amplitude of 10
MW.
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Figure 3.33: Fourier signal. Red refers to the system with two level VSCs and green to the system with
MMC VSCs.
The performance of the multi-machine two area system including a two-level VSC based-
HVDC link (red) is compared to the performance of the multi-machine two area system including
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a MMCVSC based-HVDC link (green) in Figures 3.34-3.37. The small-signal disturbance causes
small oscillations in the frequency profiles of the two areas and in the AC and DC power flows.
In particular, no relevant differences are observed in the frequency response (Figure 3.34),
where the perturbing signal produces very small oscillations, and in the DC power flow (Figure
3.35), where the Fourier signal generates variations up to 5 MW.
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Figure 3.34: Frequency at Bus West (a) and Bus East (b) after injection of Fourier signal. Red refers
to the system with two level VSCs and green to the system with MMC VSCs.
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Figure 3.35: DC power flow after injection of Fourier signal. Red refers to the system with two level
VSCs and green to the system with MMC VSCs.
A more significant difference is observed in the AC inter-area power flows, as illustrated in
Figure 3.36. In spite of having the same mean value (blue constant), the oscillatory behaviour
is more accentuated in case the HVDC scheme is equipped with two-level VSC rather than
with MMC. In Figure 3.37, the AC power flow at the inverter (CONV2) end is observed to be
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identical for both cases, whilst the oscillations are larger at the rectifier end (CONV1) for the
two-level VSC.
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Figure 3.36: AC power flow in Line A (a) and in Line B (b) after injection of Fourier signal. Red refers
to the system with two level VSCs and green to the system with MMC VSCs.
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Figure 3.37: AC power from inverter end (a) and from rectifier end (b) after injection of Fourier signal.
Red refers to the system with two level VSCs and green to the system with MMC VSCs.
The dynamic response of the multi-machine system to a small signal disturbance is demon-
strated to be very similar in case a two-level or a modular multi-level VSC are used in the
HVDC connection. The differences detected are worth a more thorough analysis to identify
the triggering factors. For instance, a small-signal stability analysis would assess the variations
on the modes of the system caused by the use of different VSC technologies helping to better
understand the system behaviour.
At the end of the preliminary study discussed in this section, it can be concluded that the
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type of VSC technology does not have any relevant impacts on the operations of the system.
However, some issues need to be further discussed. The MMC is represented using the reduced
model described in Section 3.2.2, which does not include all the control loops of a detailed MMC
model. The effects these loops may have at system level are not considered. The converters are
therefore interchangeable for specific studies. The replacement of the modular multi-level VSC
with a two-level VSC would shorten computational time intervals and realize less complex sys-
tems. However, the modular multi-level converter would provide a wide range of advantageous
features (Section 2.3.2) which are not offered by a two-level VSC.
3.3.2 Three-Node GB System with two VSC HVDC Links
Two HVDC lines, using the MMC RDM presented in Section 3.2.2, are inserted into the three-
node system described in Section 3.1.4. The aim of this section is to demonstrate that such
system works properly in steady steady. This test is not trivial as the introduction of the MMC-
based HVDC links in a large AC grid has created several issues (positioning of PLLs, conflict
between slack generator and controllable voltage sources of MMC RDM, interference with some
parameters of the generators control loop). This evaluation is therefore essential to prepare the
mixed AC and DC system model where to carry out stability studies (Chapter 4).
The whole system is a simplified representation of the GB transmission network intercon-
nected to mainland Europe, represented as an infinite voltage source. In this case the two large
HVDC links transfer bulk power from the remote grid to the three-node system. Some mod-
ifications are made to the total generation and demand in order to accommodate the HVDC
ties. Such system configuration is developed for investigating the effect of loss of in-feed and
the provision of frequency support via HVDC converters.
The DC lines are arranged as balanced monopoles and connect the southern area of the
system with a remote grid, as shown in Figure 3.38. All the converter stations are rated at 2.5
GW, ±525 kV and equipped with modular multi-level VSCs. The converters connected to the
remote grid side are regulated in P-Q (set point at 2500 MW, 0 Mvar), while the converters on
the GB side are controlled in Vdc-Q (set point at ±525 kV, 0 Mvar). Overland links of such
power are now technically possible due to recent cable technology advances and sub-sea cables
with such power capability may be expected as technology progresses. The cables used in the
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study are rated at 525 kV, 2.4 kA and are 300 km long [109].
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Figure 3.38: Three-node GB System connected to a remote grid via two HVDC links.
The behaviour of the system in normal operating conditions illustrated in Figures 3.39 and
3.40. The grid frequency measured at terminals T3 (GB-side) and Tgrid (remote grid-side) is
depicted in Figure 3.39 (a). Apart from the oscillations due to the initialization process of the
converters, the frequency gains the nominal value within 30 seconds. The power flows from the
Northern to the Southern area, where the large demand is located, are displayed in Figures 3.39
(b). The DC power flow in each of the HVDC corridors, shown in Figure 3.39 (c), is kept at the
rated value after the initial transient is exhausted. A detailed frame of voltages at the rectifier
(remote grid-side) end, at the inverter (GB-side) end and in the DC link is shown in Figure
3.40. The voltages are observed to stay at the nominal values during normal operations.
3.3.3 Great Britain and Scandinavian Grids connected with a VSC HVDC
Link
A very complex mixed AC and DC system, obtained connecting the dynamic equivalent models
of Great Britain and Scandinavia (described in Sections 3.1.1 and 3.1.2) via an HVDC link,
is presented in this section. The system operations in steady state are monitored in case the
HVDC scheme is based on two-level VSC or modular multi-level VSC technology. On one hand
the size and the complexity of the AC/DC model makes it more realistic and adds further
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Figure 3.39: Steady state operation of Three-node GB system connected to a remote grid. (a) Grid
frequency; (b) AC power flows in Line 3 and Line 4; (c) DC power flows in Link A and Link B.
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Figure 3.40: Steady state operation of Three-node GB system connected to a remote grid. (a) Vac at
the rectifier end (remote grid); (b) Vac at the inverter end (T3); (c) Vdc in DC links.
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value to the results. On the other hand, the use of EMT-type simulations, strictly necessary
for performing the MMC RDM, entails extremely long computational time when applied to
complex AC grids. The inclusion of two large AC grids modelled in detailed in this AC/DC
system represents an improvement with respect to the AC/DC network described in Section
3.3.2.
An HVDC link, equipped with a two-level VSC in the first case and with a modular multi-
level VSC in the second case, is arranged as a monopole scheme using underground DC cables
to connect the Great Britain transmission network to the Scandinavian one, as shown in Figure
3.41. The location of the link is selected according to the generation characteristics of the grids:
it connects bus B15 in GB, which is the site of one of the biggest power plants in the UK, with
bus B11 in Scandinavia. The high rating of the HVDC link in combination with the supply and
load properties of the networks, implies a strong coupling between the two systems, making the
second grid dependent on the first to satisfy its energy demand. The properties of the converters
and of the AC grids are listed in Tables 3.8 and 3.9 respectively. The DC underground and
submarine cables are modelled as Π sections, rated at 480 kV, 1.2 kA and 300 km long.
Table 3.8: Properties of the two-level VSCs.
Property CONV1 CONV2
Vac [kV] 480 480
Vdc [kV] ± 480 ± 480
Srating [MVA] 2400 2400
Control Mode P-Q Vdc-Q
Set-point 2000 MW, 0 Mvar ± 480, 0 Mvar
Table 3.9: Generation and Load Quantities.
Property GB Scandinavia
Generation [GW] 60.3 28.1
[GVAr] 15.8 7.3
Load [GW] 59.8 29.9
[GVAr] 40.4 20.2
Losses [MW] 460 160
3.3.3.1 Great Britain and Scandinavia connected with a Two-Level VSC Link
In this case the HVDC scheme connecting the GB transmission network with the Scandinavian
network is equipped with two-level VSCs. The analysis of the system performance in steady
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Figure 3.41: GB and Scandinavia AC grids connected through an HVDC link.
state, shown in Figures 3.42 and 3.43, is an essential preliminary test as the system is used in
Chapter 4 for further studies.
The frequency in GB and Scandinavia measured at the busbars where the HVDC link is
connected is illustrated in Figure 3.42. The power flows in the main AC corridors from area 1
to area 2 in the GB and the Scandinavian transmission networks are displayed in Figures 3.42
(b) and (c) respectively. The DC power transfer exported from GB to Scandinavia is shown
in Figure 3.42 (d). The AC voltages at the rectifier (CONV1) and inverter (CONV2) ends are
illustrated in Figures 3.43 (a) and (b). The DC voltage is shown in Figure 3.43 (c). The results
from Figures 3.42 and 3.43 affirm that the AC/DC system works properly in steady state.
3.3.3.2 Great Britain and Scandinavia connected with a Modular Multi-Level VSC
Link
The operations of the mixed AC and DC grid in steady state are illustrated in Figures 3.44 and
3.45. In this case, a modular multi-level VSC-based HVDC link is used for connecting the two
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Figure 3.42: Steady state GB-Scandinavia connected with two-level VSC. (a) Frequency measured at
B15 in GB, and at B11 in Scandinavia; (b) Power flows in AC corridors in GB; (c) Power flows in AC
corridors in Scandinavia; (d) DC power flow.
10.2010.1610.1210.0810.0410.00 [s]
500.
300.
100.
-100.
-300.
-500.
10.2010.1610.1210.0810.0410.00 [s]
500.
300.
100.
-100.
-300.
-500.
10.2010.1610.1210.0810.0410.00 [s]
550.
330.
110.
-110.
-330.
-550.
[kV]
[kV]
[kV]
(c)
(b)
(a)
D
Ig
S
IL
E
N
T
Figure 3.43: Steady state GB-Scandinavia connected with two-level VSC. (a) Vac at the rectifier end
at B15 in GB; (b) Vac at the inverter end at B11 in Scandinavia; (c) DC link voltage.
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AC networks. The introduction of the MMC RDM in the converter stations hinders the normal
operation of the system, as it generates conflicts with the generators and their control loops.
For this reason, the test of steady state operations is required to provide a well designed system
suitable for further studies.
The frequency in the GB and in the Scandinavian grids measured at the bus bars where
the HVDC link is connected is displayed in Figure 3.44 (a). In spite of the presence of minor
fluctuations due to the converter initialization process, the frequency achieves the nominal value
within a few seconds. The AC power flows from area 1 to area 2 are illustrated in Figures 3.44 (b)
and (c) for GB and Scandinavia respectively. The DC power transfer from GB to Scandinavia is
shown in Figure 3.44 (d). Unlike the AC power transfer, which is affected by small oscillations
during the initial transient, the DC flow is kept at the rated value, after the initial transient.
Figure 3.45 depicts the AC voltages at the rectifier (CONV1) and inverter (CONV2) ends as
well as the DC voltage, they are observed to stay at the nominal values.
51.0
50.6
50.2
49.8
49.4
49.0
1400.
1120.
840.
560.
280.
0.00
1000.
920.
840.
760.
680.
600.
400.
320.
240.
160.
80.0
0.00
[Hz]
[MW]
[MW]
[MW]
Ln 6-9
Ln 8-10
Ln 6-9
Ln 8-10
D
Ig
S
IL
E
N
T
(a)
(b)
(c)
(d)
60.48.36.24.12.0 [s]
60.48.36.24.12.0 [s]
60.48.36.24.12.0 [s]
60.48.36.24.12.0 [s]
Figure 3.44: Steady state GB-Scandinavia connected with MMC VSC. (a) Frequency measured at B15
in GB, and at B11 in Scandinavia; (b) Power flows in AC corridors in GB; (c) Power flows in AC corridors
in Scandinavia; (d) DC power flow.
From the results shown in Figures 3.44 and 3.45 it is concluded that the GB and Scandinavia
networks connected via a modular multi-level VSC HVDC link operate properly in steady state.
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Figure 3.45: Steady state GB-Scandinavia connected with MMC VSC. (a) Vac at the rectifier end at
B15 in GB; (b) Vac at the inverter end at B11 in Scandinavia; (c) DC link voltage.
However, the computational time for such AC/DC system is extremely long, due to the use of
EMT-type simulations with a time step of 100 µs. The use of EMT-type simulations is strictly
necessary for the converter, but redundant for the AC systems, which can easily support RMS-
type simulations. An alternative approach, which would shorten the computational time at the
cost of modifying some part of the model, consists in the combination of transient (EMT) and
stability (RMS) simulation modes, as described in Section 2.4.1.
3.4 Conclusions
This chapter has described the modelling in PowerFactory of several AC transmission networks
and HVDC converters models and a number of mixed AC and DC systems that will be used to
perform stability studies in Chapter 4.
The dynamic equivalent models of AC grids include an approximate representation of the
Great Britain and the Scandinavian transmission systems, whose steady state and dynamics are
benchmarked against reference cases, a multi-machine two area system and a three-node grid,
which is the simplified version of the GB network.
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The modelling of HVDC converters is also discussed. The supplementary frequency droop
control is added to the control scheme of a two-level VSC to allow the converter to provide
frequency support to the host AC grid. The increasing number of MMC based VSC HVDC
projects motivates the development of an MMC model for transmission system oriented plat-
forms, like PowerFactory. Due to the limited ability of the software regarding power electronics
design, the only viable approach was the development a reduced dynamic model of the MMC.
The MMC RDM, developed here, adopts an alternative energy balancing philosophy for its
control design. The operations of a point to point scheme, equipped with the two-level VSC or
the MMC RDM, are investigated in normal and abnormal (three-phase fault) conditions. The
validity of the MMC RDM is further demonstrated with the comparison against an equivalent
scheme in PSCAD/EMTDC for an AC fault scenario.
The integration of HVDC converters in AC transmission networks is illustrated in the last
section. An HVDC link is embedded in the multi-machine two area system (between area 1 and
area 2) in parallel with two AC ties. The effects due to the presence of the two different VSC
technologies implemented in the DC link are studied in steady state and after the application
of a small disturbance. It is found that the systems behaviours are similar, however further
investigation is required.
The AC/DC system consisting of two MMC-based HVDC links that connect the three-
node grid, which serves for an estimated design of GB transmission network, with the remote
grid, which is an approximate representation of mainland Europe, is proven to work properly
in steady state despite the issues introduced by the presence of 4 converter stations including
MMC RDMs in the AC grid. An HVDC corridor, equipped with either two-level or MMC
VSCs, is used as a connection between Scandinavia and Great Britain. The AC/DC system is
demonstrated to work properly in steady state. The preliminary verification of the steady state
operations of mixed AC and DC systems is essential as it offers the possibility of a wide variety
of system-level studies.
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HVDC Converters providing
Frequency Support to AC Grids
The provision of frequency control by HVDC converters to a host AC grid is discussed inthis chapter. The large transmission networks described in Chapter 3 were connected via
DC links equipped with either two-level or modular multilevel VSC stations. In this chapter,
several events are applied to test the potential of HVDC technology to limit the frequency
deviation in either of the connected AC systems. First the evolution of system frequency after a
loss of generation event is examined without the implementation of any additional control on the
HVDC link. Afterwards, the effect of the supplementary frequency droop control, which acts
on the DC power transfer after detecting a frequency deviation, is investigated. The overload
capability of MMCs is explored and its potential to help the frequency recovery after a loss of in-
feed event is assessed. Finally, the effectiveness of using the energy stored in the MMC capacitor
cells to improve the system inertial response after a severe frequency event is examined.
4.1 Frequency Response Specifications
The large scale integration of renewable energy sources, mainly from wind farms, is expected
to displace the conventional synchronous generation and thereby lower the total inertia of the
system. Wind turbines do not naturally contribute to the system inertial response as they are
generally connected to the AC grid through power converters which decouple the mechanical
elements from the AC system [110]. The reduction in system inertia leads to a significant
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risk of instability, as in the case of a frequency disturbance a lower number of synchronous
machines contribute to the inertial response and therefore the fall of frequency is faster and
the protection schemes will trip the generators. As a consequence of lower inertia, more robust
control schemes and fast frequency response services may be required to assist a future grid.
The GB transmission system operator (TSO), National Grid, and the government regulator for
the electricity and downstream natural gas markets, the Office of Gas and Electricity Markets
(OFGEM), advised an increase of infrequent in-feed loss risk from 1320 MW to 1800 MW in
2014 [25; 111; 112]. The reduction of the total system inertia along with the rise in loss of
in-feed limit leads to a system with a greater risk of instability. The grid frequency is more
likely to fall outside the statutory limits in case of disturbances [111].
In this context, the increasing number of HVDC links represents a potential solution due
to their ability to provide frequency response to enhance the stability of transmission systems.
The maximum power ratings currently available from VSC systems are in the region of 1.8 GW
in a single sub-sea cable based link, and 2.5 GW in an onshore system [113]. As the technology
further matures, even higher power ratings may be expected. The outage of an HVDC link
is therefore comparable to the maximum loss of in-feed limit. As VSC converters reach such
power levels they may be expected to provide ancillary services to the AC systems that they
interconnect.
4.1.1 Security and Quality of Supply Standards
Considering the increase of the power in-feed loss limit, the selection of 1800 MW as maximum
loss reflects the possibility of a large generation failure in combination with a wind generation
drop [25; 111; 112]. For this condition, the Security and Quality of Supply Standard (SQSS)
requires that the maximum deviation of the system frequency must be limited to 0.8 Hz with
respect to the nominal value (50 Hz) and that the frequency is not allowed to vary outside
the acceptable range (49.5 Hz to 50.5 Hz) for more than 60 seconds [111; 112]. However, the
rise in the level of loss of power in-feed increases the risk of the system frequency falling to an
unacceptable level before the generators’ governors’ response can mitigate the situation.
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4.2 Frequency Support provided by HVDC Converters
In order to accommodate the rise in electricity generation and to deal with the growing pen-
etration of renewable energy, the number of HVDC transmission links is expected to increase
significantly [96]. Hence, HVDC links could be exploited as an alternative solution to address
stability issues and to enhance system reliability. VSCs offer a broad variety of ancillary services,
including frequency and voltage support.
The frequency support services that HVDC converters can potentially offer to the host AC
grid are illustrated in Figure 4.1. Every frequency support method is able to provide a certain
amount of energy to the AC system within a specified time frame. The energy stored in the DC
capacitor of a cable and in the cell capacitors of MMCs is a small fast-released energy (3 MJ
in 400 ms for a 800 MW converter) that can improve marginally the system inertial response.
Wind turbines connected through HVDC links to onshore grids are able to provide a larger
amount of energy which enhances the system frequency response within 10 seconds after the
fault occurs. The supplementary droop control and the overload capability act on the primary
frequency response and are able to bring a significant amount of energy into the unhealthy AC
grid improving the frequency nadir. A brief literature survey of the potential frequency support
services HVDC converters can provide, is offered hereafter.
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Figure 4.1: Types of frequency support services provided by HVDC converters.
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4.2.1 HVDC Links as Firewall
The growth in size, density and operational complexity of existing power networks has increased
the risk of cascading failures and large-scale blackouts. The occurrence of severe blackouts in
North America and Europe has served to warn the TSOs about the danger of having close
coupling among neighbouring highly loaded AC systems [114; 115]. In this situation, the tra-
ditional means of enhancing system reliability (addition of AC lines, transformers, phase angle
regulators and series capacitors) often offer only marginal improvements. Also, more recently
proposed options (FACTS devices) are limited by their complexity [54]. The segmentation of an
AC grid into internal sub-sectors interconnected via HVDC links may represent an effective im-
provement to the stability issue, as it boosts the total transmission capability [54]. The resulting
sectors are operated asynchronously and the HVDC connectors block disturbances originating
in one region from propagating to adjacent areas. This feature, that prevents cascading outages
spreading from one AC system to the other, is known as a firewall [116]. An example of existing
HVDC firewall is the link between Ontario and New York, which impeded the propagation of
the system disturbance beyond the interconnection interface with Quebec in the blackout of
August 2008 [117].
The authors in [118; 119] further discussed the concept of grid segmentation with HVDC
links used as firewalls. A VSC based HVDC link, which can provide instantaneous voltage
support and fast dynamically controlled reactive power, was used to enhance grid reliability
and to sustain the required increase of total transmission capability. Results in [118], where
back-to-back VSC-HVDC stations were used to segment a large AC network into asynchronous
sub-regions, demonstrated the effectiveness of this concept. Two fault events (a loss of generation
and a line trip) were applied to test the performance of the grid segmentation idea. The HVDC
links were proven to act as firewalls preventing the spread of cascading outages or relieving the
detrimental effects to other regions.
The realization of a segmented AC grid using HVDC would be extremely expensive, therefore
the implementation of HVDC links should be motivated by a number of reasons. The benefits
of the grid segmentation approach go beyond the avoidance of cascading disturbances. The
use of HVDC links improves the intra-sector reliability, offsets the degrading system security
due to the alteration of loads characteristic, simplifies power system maintenance, facilitates
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more effective power trades and eases market operations thanks to independent controllability
of power flows between sectors [54].
4.2.2 DC Cable Capacitors and Cell Capacitors
Zhou et al. proposed an innovative strategy, which employs the energy stored in the DC
capacitors of the VSC based HVDC link to emulate the inertial response [120]. This strategy,
named Inertia Emulation Control (INEC), is able to emulate a wide variety of inertia constants
(from 0 to 4 seconds) using the large capacitances connected to the DC circuit. Furthermore,
the INEC scheme acts a firewall isolating the healthy AC grid from the propagation of the
frequency deviations originated in another AC power system, by using the energy in the DC
link capacitors and the capacitance of the DC circuit.
The emulated inertia constant HVSC of an HVDC system is described in (4.1) considering
[120], where fN is the nominal frequency, N is the total number of capacitor of the HVDC link,
C is the capacitance of a single DC capacitor, SVSC represents the VSC rated power capability,
VDC refers to the voltage of the HVDC link,
dVDC
dt and
dt
df represent the rate of change of direct
voltage and the inverse of the rate of change of frequency respectively.
HVSC =
NCV DC
SVSC
× dV DC
dt
× dt
df
× f
N
2 (4.1)
Despite the fast response that DC link capacitors can provide to the AC grid (400-800 ms),
they do not represent an attractive solution because of their size, cost and limited energy.
In modular multi-level VSCs the presence of cell capacitors stores energy within the con-
verter, unlike in two-level VSCs where a comparable amount of energy is stored in the capacitors
of the DC bus (3 MJ for a 800 MW converter). After the outage of a generation unit, a por-
tion of the energy contained in the stacks could be extracted and injected into the AC grid to
improve the system inertial response for the initial post-fault transient (≤ 500 ms). The energy
content of a converter is generally small and it varies according to its rating (30-40 kJ/MVA
[121; 104]). However, it is unusual that more than 10% of this energy can be extracted without
jeopardizing the converter operations.
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4.2.3 Offshore Wind Turbines connected with HVDC Links
A large penetration of wind in AC systems will affect the traditional generation portfolio, leading
to the displacement of conventional generator units. As a consequence, short-term stability
issues have become more serious and the wind turbines are required to provide inertial and
primary response capability [122]. HVDC links equipped with VSC stations are considered to
be the best solution for connecting offshore wind farms to AC onshore grid. The wind turbines
are decoupled from the grid, therefore they are unable to naturally detect the grid frequency
alterations. Hence, the grid-side VSC becomes the means through which frequency support
services can be provided.
The solutions to short-term stability issues proposed by some authors [110; 123; 124; 125]
only concern with the wind turbines performance, those include virtual inertia and the ca-
pability of providing primary frequency regulation from doubly-fed induction generators and
full-converter wind turbines. The frequency response from offshore wind farms connected to
the AC grid by a point-to-point HVDC scheme is regulated by translating the frequency de-
viation into a variation of the DC voltage [126; 127; 128]. The capability of wind turbines to
provide frequency response for ensuring system stability is tested in a multi-terminal DC grid
set up in [129]. The frequency deviations in the onshore AC grid are translated to equivalent
alterations of the voltage in the HVDC link, by using cascading local controllers placed at both
rectifier and inverter ends.
4.2.4 Blending HVDC Link Energy Storage and Offshore Wind Turbine In-
ertia
Also of interest in providing services to an AC grid is a VSC-based HVDC link in combination
with the wind turbines dynamics. The authors in [130] discussed both the approaches of the
previous section and proposed a further method. The ability to provide a very fast response to
the AC grid while reducing the stress on the wind turbines by using the energy stored in the
HVDC corridor is recognized as a valuable feature. Nevertheless a very large extra capacitance
comparable to conventional power plants’ ones is required to be installed on the link. Relying
on the frequency response capabilities of the offshore wind turbines may introduce delays and
inaccuracies in the support services due to measurement errors at the VSC and the slow response
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of wind turbines. An innovative solution is offered in [130], it relies on the concept of blending
the energy stored in the HVDC link with the power control capabilities of the offshore wind
turbines. The strength of this strategy resides in the provision of fast frequency response (up to
5 seconds after the fault occurs) to the onshore AC power system while not demanding excessive
capacitance nor high-performance requirements on the turbines.
The inertia constant H resulting from this blending approach is defined in equation (4.2)
considering [130], where C is the equivalent capacity of the link, fN is the nominal frequency
of the grid, f˙ is the ROCOF, VNDC is the nominal DC link voltage, ∆VDC refers to the
maximum allowed HVDC voltage deviation, Srated is the nominal rated apparent power and the
time constant τ is a design parameter, that defines the variation of the DC voltage and the
performance requirements of the wind farm.
H = C2 ×
fNV NDC∆V DC
f˙Sratedτ
(4.2)
4.2.5 Supplementary Frequency Droop Control
The supplementary frequency droop control is a method of providing frequency support in case
of loss of in-feed events and it displaces the intervention of synchronous generators. It represents
an alternative option to the conventional use of generators’ response to compensate a power
in-feed loss in low inertia systems. The implementation of such a scheme in international HVDC
corridors requires a frequency support agreement between the interconnected TSOs because a
frequency event would couple through DC interconnections, rather than the connection being
a traditional firewall [131]. Apart from the fast frequency response (up to 10 seconds after the
fault) in support of the AC system, this method provides emergency power re-routing in case of
loss of an AC or DC transmission line. The provision of these features implies that the converter
must have some level of power capability reserved above its present operating point.
In Section 3.2.1.1, the supplementary frequency droop control strategy was presented. It was
designed to regulate the power across the HVDC corridors in response to frequency deviations
in the AC system.
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4.2.6 Overload Capability
In an attempt to maintain the grid frequency within the acceptable limit in case of severe loss
of in-feed events, a solution based on the overload capability of modular multi-level VSCs is
proposed. This approach is made possible by a short-term increase in the rating of a VSC
(from 5 to 10 seconds restricted by thermal constraints). Such overload capability is already
available in several CSC-based HVDC schemes [132]. However, it has not been provided by VSC-
based HVDC schemes in the past. This is due to the more fragile nature of IGBT technology
in comparison to the robust thyristor semiconductor technology used within CSC systems.
Nevertheless, as VSC ratings rise towards the loss of in-feed limits, overload capability may
become a functional requirement from a system perspective.
In this chapter, a method to support AC frequency based upon HVDC overload technique
developed by P.D.Judge [105] is tested. The method can be used in situations such as an HVDC
link outage or an AC generator failure. Finally, the provision of overload capability may be a
cheaper solution than the use of traditional reserves.
4.3 HVDC Link with Supplementary Frequency Control
The effects of the application of supplementary frequency droop control on faulted and un-
faulted AC grids connected via HVDC links is examined in this section. The full-scale dynamic
equivalent transmission grids of GB and Scandinavia (described in Chapter 3) are connected
via a VSC-based HVDC link and used to analyse the dynamic response of the coupled systems
after a generator outage. Two scenarios are considered: in the first 2000 MW is being exported
from the GB network to the Scandinavian network (GB Export), in the second the power is
transferred in the opposite direction (GB Import). The link is rated at 2000 MW representing
the state of the art of the VSC technology. Two control arrangements are applied in the two sce-
narios. Initially no additional control is implemented in the HVDC stations (HVDC as firewall),
then the supplementary frequency droop control described in Section 3.2.1.1 is applied at the
rectifier end. In the GB Export and GB Import scenarios the GB-side converter is controlled
in P-Q, whilst the Scandinavia-side converter is regulated in Vdc-Q mode, the HVDC terminals
control modes are as shown in Figure 4.2 in the case that supplementary control is applied.
The HVDC stations could be equipped with either two-level or modular multi-level VSCs. The
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converter technology used would not make any difference in the provision of such frequency
support service, as the supplementary control loop is applied in the upper level control, which
is the same for both modular multi-level and two-level VSC (Section 3.2.1.1).
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Figure 4.2: Control schemes of HVDC terminals for GB Export and GB Import scenarios.
The application of the supplementary frequency control in the VSCs is expected to increase
the degree of coupling between the networks. In case of disturbances in one grid, the other grid
will provide support, thereby preventing the first grid frequency from reaching unacceptable
values. This concept of mutual assistance will enhance the overall stability of the system in the
perspective of the European Super Grid, where the number of interconnections among national
transmission systems will be significantly larger than presently.
4.3.1 HVDC Link between Great Britain and Scandinavia: GB Export
The Great Britain-Scandinavia system is illustrated in Figure 4.3 and described in Section
3.3.3. A balanced-monopole HVDC link set to transfer 2000 MW in normal operations from
the GB network to the Scandinavian network connects the two systems. The terminals of the
link are modelled as two-level VSCs. The GB-side converter works as a rectifier, whilst the
Scandinavia-side converter acts as an inverter. The control settings for the GB Export scenario
are illustrated in Figure 4.2 in the case when the supplementary droop control is implemented.
Time domain simulations are run in PowerFactory to investigate the system performance in
abnormal conditions. A severe loss of generation (1800 MW) is applied at t = 1 s to G15 (at
node 15), one of the largest generation units in the GB transmission network.
The dynamic response of the system is illustrated in Figures 4.4 - 4.8. The green curve in
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Figure 4.3: GB-Scandinavia system.
the figures indicates the system performance when the HVDC link acts as a firewall. In the
second case, the supplementary droop control is implemented on the GB-side converter and the
system performance with this is indicated by the blue curve. Figure 4.4a depicts the loss of
generation of 1800 MW implemented at the generation unit G15 in GB. The power transfer
through the HVDC link is shown in Figure 4.4b. Figures 4.5a and 4.5b illustrate the frequency
response of GB and Scandinavia respectively.
With the firewall control arrangement, the power transfer remains unaltered in spite of
the frequency variation in GB. With the second control arrangement, the supplementary droop
control is responsible for varying the DC power flow. After the detection of a change in frequency
in GB, the DC power is decreased in order to maintain the grid frequency within the acceptable
range. After a loss of generation of 1800 MW, the DC power transfer is decreased from 2000
MW to 1450 MW.
If the HVDC link acts as a firewall, the frequency nadir in GB is 49.27 Hz, whilst the grid
frequency is kept at nominal value in Scandinavia. Thanks to the application of the supplemen-
tary control the frequency fall in the GB network is kept within the admissible limits (Figure
4.5a). The frequency in Scandinavia is affected as a consequence. Figure 4.5b illustrates the
frequency of the Scandinavian network, whose nadir is 49.7 Hz. A new steady-state equilibrium
is achieved in both grids in within 25 seconds.
Figures 4.6 and 4.7 show the AC power flows in the inter-ties connecting area 1 to area 2
in the GB network and in the Scandinavian network respectively. After the generator outage,
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(a) Loss of generation in GB (at G15).
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Figure 4.4: GB Export Scenario: Dynamic response after the loss of generation without (green) and
with supplementary control loop (blue) applied to the HVDC converter.
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(b) Frequency response in Scandinavia.
Figure 4.5: GB Export Scenario: Frequency response after the loss of generation without (green) and
with supplementary control loop (blue) applied to the HVDC converter.
the AC power flows in the GB grid from area 1 to area 2 increase. The rise of the inter-area
power flows is 110 MW smaller in each line (Line 6-9 and Line 8-10) in the case when the
supplementary control scheme is implemented. Its application can therefore reduce the risk of
transmission lines overloading. Furthermore, the droop control decreases the DC power export
causing a consequential reduction in the power generation of area 1. In the Scandinavian grid,
the inter-area power flows remain constant in the case when the DC link acts as a firewall.
With the application of supplementary control, the DC power import to the Scandinavian
network decreases. As a consequence, the power transfer to area 2 rises in order to help the
Scandinavian system maintain stability. Therefore, the power generation in the northern area
increases causing the AC power flows to rise by 110 MW in the west inter-tie (Line 6-9) and by
70 MW in the east inter-tie (Line 7-8).
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(a) AC power flow in West inter-tie (Line 6-9).
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(b) AC power flow in East inter-tie (Line 8-10).
Figure 4.6: GB Export Scenario: AC power flows in the inter-ties in GB after the loss of generation
event without (green) and with supplementary control loop (blue) applied to the HVDC converter.
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(a) AC power flow in West inter-tie (Line 6-9).
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(b) AC power flow in East inter-tie (Line 7-8).
Figure 4.7: GB Export Scenario: AC power flows in the inter-ties in Scandinavia after the loss of
generation event without (green) and with supplementary control loop (blue) applied to the HVDC
converter.
Figure 4.8 shows the generation units whose power output changes throughout the tests in
the GB and Scandinavian networks. In the GB grid, the power outputs of generators G4, G18,
G20 and G21 increase after the generation outage. The implementation of the supplementary
control causes a smaller rise of the generators power outputs than in the case with no additional
control. Generator G4, the largest unit of area 1, has an increase which is 160 MW less than
before, whilst the decrease of the power outputs of generators G18, G20 and G21, located in
area 2, sums to 250 MW (Figure 4.8a). In the Scandinavian grid, the generators outputs are
not subjected to any alterations in the case where the supplementary control is deactivated.
As shown in Figures 4.8b and 4.8c, the application of the frequency droop scheme modifies
the power outputs of generator units G1, G3, G4, G18, G20 and G21. The generators’ output
increased in response to a reduction of the DC power import, the main contributions are given
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by generator G4 in area 1 and generator G18 in area 2. The power outputs of the other
generator units are not shown as they remain constant throughout the disturbance for both the
control conditions. The power output of the wind farms, mainly located in area 1 of the GB
network, stay constant for the two control arrangements as the wind turbines are considered to
be independent from the frequency variations.
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Figure 4.8: GB Export Scenario: Variations in generators output power in the GB and the Scandinavian
networks. Each case is represented with (solid line) and without (dotted line) the implementation of the
supplementary droop control.
In the first scenario, where no additional control is implemented on the HVDC converters,
the two grids are decoupled and the DC link operates as an asynchronous connection. The
frequency in the GB network falls outside the acceptable boundaries prescribed by [112; 130],
whilst the frequency in the Scandinavian network remains undisturbed. The HVDC link acts
as a firewall and prevents the propagation of disturbances originating in one system from pass-
ing onto the other despite the very high power transfer between the two grids. Conversely,
the implementation of the supplementary frequency scheme on the GB-side converter allows to
regulate the level of coupling between the two AC grids by tuning the droop constant. Fur-
thermore, it contains the frequency deviation within the statutory limits both in the GB and
the Scandinavian grids. The supplementary control also reduces the post-fault loading on gen-
erators and transmission lines in the GB network, at the expense of extra overloading in the
Scandinavian network. The addition of such supplementary regulation is observed to increase
the converter participation in disturbance mitigation.
The use of large-scale dynamic equivalent models of the AC grids allows monitoring of the
dynamic response of the system in detail. The action of the supplementary frequency control is
observed to have an effect on the supply side causing variations in the generators power outputs
and therefore modifying the AC power flows through the inter-ties in the GB and Scandinavian
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grids. However, the overall system is able to achieve a new steady-state ultimately proving the
validity of the frequency droop method.
4.3.2 HVDC Link between Great Britain and Scandinavia: GB Import
The effectiveness of the supplementary droop control is tested for a loss of generation of 1800
MW in the same system configuration shown in Figure 4.3 but with a reversed DC power
transfer (power import from Scandinavia to GB). The power transfer is set to 1940 MW which
is close to the assumed rated capacity of the link of 2100 MW. The scenario described in this
section represents a complementary situation to the one discussed in Section 4.3.1. The control
modes in the converters are inverted: the Scandinavia-side converter acts as a rectifier and is
regulated in Vdc-Q mode, whilst the GB-side converter works as an inverter and is controlled in
P-Q. The control settings for the HVDC terminals are as shown in Figure 4.2 in case the droop
scheme is applied. Several modifications are made to the generation and demand sides of both
grids to be consistent with the power import to GB. These modifications include a rise in the
power generation of the Scandinavian system as well as an increase in the total demand of the
GB system.
The dynamic response of the system is shown in Figures 4.9 - 4.13. In Figures 4.9 - 4.12, the
green curves indicate the system response if the DC link acts as a firewall, whilst the blue curves
depict the system performance with the application of the droop control. Figure 4.9a shows
the loss of generation event of 1800 MW implemented at generator G15 in GB, the disturbance
is identical to the one applied in the export scenario. The power across the HVDC link is
illustrated in Figure 4.9b. Figures 4.10a and 4.10b show the frequency response of the GB and
Scandinavian networks respectively.
With the first control arrangement, the HVDC link acts as a firewall in case of disturbances:
the frequency nadir in GB reaches 49.13 Hz whilst the frequency in Scandinavia is not affected by
the disturbance occurring in the other system (Figures 4.10a and 4.10b) and the power transfer
along the link is kept to a constant value (Figure 4.9b). On the other hand, the activation
of the droop control causes the two AC grids to be coupled. The frequency droop control is
applied to the inverter end (GB-side converter), such that the frequency deviation occurring
in the GB grid asks for an increase of the DC power imported from the Scandinavian network
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(Figure 4.2). Since the loss of generation causes the frequency to fall in GB, the import power
is increased in order to re-establish normal operations. The frequency recovery in GB is not
observed to be significantly different with respect to the case without additional control, as in
pre-fault conditions the DC link is rated near full-capacity (2100 MW) with only around 160
MW of headroom available. Equally, the frequency in the Scandinavian network is disturbed
to a small extent.
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Figure 4.9: GB Import Scenario: Dynamic response after the loss of generation event without (green)
and with supplementary control loop (blue) applied to the HVDC converter.
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Figure 4.10: GB Import Scenario: Frequency response after the loss of generation event without (green)
and with supplementary control loop (blue) applied to the HVDC converter.
Figures 4.11 and 4.12 show the AC power flows in the inter-ties connecting area 1 to area 2
in the GB and in the Scandinavian networks respectively. Similar to the export scenario, in the
GB grid the generation in area 1 rises after the fault leading to an increase of the AC inter-area
power flows. The implementation of the supplementary control causes a smaller increment in
the inter-ties power flows with respect to the case where no additional control is applied. In
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the Scandinavian grid, the inter-area power flows remain constant with the DC link acting as
a firewall. If the supplementary control is applied to the inverter end (GB-side converter), the
power flows from area 1 to area 2 increase to sustain the extra DC power transfer. However,
the rise in the inter-area power flows in the Scandinavian network (Lines 6-9 and 7-8) is limited
by the variation of the DC power transfer, which is in turn restricted by the available headroom
of the converter.
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Figure 4.11: GB Import Scenario: AC power flows in the inter-ties in GB after the loss of generation
event without (green) and with supplementary control loop (blue) applied to the HVDC converters.
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Figure 4.12: GB Import Scenario: AC power flows in the inter-ties in Scandinavia after the loss of
generation event without (green) and with supplementary control loop (blue) applied to the HVDC
converters.
Figure 4.13 shows the generation units whose power output changes throughout the tests in
the GB and Scandinavian networks. In the GB grid, the loss of generation event at generator
G15 causes the power outputs of generators G1, G3, G4, G18, G20 and G21 to increase. Unlike
in the export scenario, the implementation of the supplementary control did not cause significant
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changes in the power outputs, as shown in Figures 4.13a and 4.13b. In the Scandinavian grid,
the power outputs of all generator units remain constant in case of the DC link acting as a
firewall. The activation of the supplementary control modifies the power outputs of units G4,
G18, G20 and G21 but only by a small amount, as illustrated in Figure 4.13c.
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Figure 4.13: GB Import Scenario: Variations in generators output power in the GB and the Scandina-
vian networks. Every case is represented with (solid line) and without (dotted line) the implementation
of the supplementary droop control.
This scenario assesses the ability of the HVDC link to work in reversed operation and with
limited headroom. As in the previous case, the application of the supplementary droop control
causes the two systems to be coupled. However, the effects of the coupling are reduced by the
limited headroom available in the HVDC converters. As the converters are operating at close
to nominal levels, the available headroom is limited preventing significant support for GB from
Scandinavia. This means that the frequency nadir stays still outside the statutory limits.
A way to increase the available converter headroom would be through the exploitation of
an overload capability. For number of reasons, including the use of IGBTs characterized by a
larger thermal capacity and thus by a better efficiency, and the presence of circulating currents
that can be modified through harmonics injection, the modular multi-level converter is preferred
to the two-level VSC for the implementation of such method. The application of the overload
capability to MMCs for frequency support is tested in detail in the next section.
4.4 HVDC Converters with Overload Capability
The beneficial effects at system level of HVDC inter-connectors designed with overload capability
are investigated in this section. The operation of HVDC corridors with power ratings beyond
the infrequent loss of in-feed limit that compensate for the outage of a link by relying on the
overload capacity of adjacent links are examined. The use of overload capability in HVDC
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interconnections to facilitate provision of primary frequency reserve between AC systems even
when the link is at rated capacity is analysed.
Despite having a RDM MMC available in PowerFactory, the extremely long computational
time (25 to 35 hours) required for testing the GB-Scandinavia system equipped with an MMC-
based HVDC link did not allow the implementation of the overload capability along with the
supplementary frequency control for such system configuration. The usefulness of the short-
term overload rating is therefore assessed in a less complex mixed AC and DC system consisting
of a reduced dynamic model of the Great Britain transmission network connected to a remote
grid, which represents mainland Europe, through two large MMC-based HVDC links. This
system configuration (described in Section 3.3.2) represents one of the potential interconnection
schemes of the future European Super Grid, where the number of links between national power
grids is predicted to be significantly higher than at present.
HVDC links used at ratings lower than the nominal one can be therefore overloaded. How-
ever, this process is costly as the link is imposed usually to carry less than the nominal power it
was designed for. A wiser way to achieve overload capability has not been available yet for VSC
HVDC systems. This is due to a combination of technology limitations and customer require-
ments [132]. CSC schemes are capable of reaching power levels in the order of several Gigawatts,
thus overload capability has become a functional requirement from a systems perspective [132].
The thyristor technology used in CSCs is very mature and robust. It is much less susceptible to
failures caused by over-currents than self-commutated semiconductor switches like the IGBTs
used in VSCs. Unlike for VSCs, the overloading limit for CSCs does not come from the power
electronics equipment, but it is associated with the external transformers and cables.
The available power ratings of HVDC VSC schemes have recently reached 1.8 GW for sub-
sea and 2.5 GW for onshore systems [113]. The IGBT switches are sensitive to both over-voltage
and over-current induced failure mechanisms, such as latch-up and thermal runaway. In order
to sustain abnormal conditions, they must be designed so that the current and voltage switching
lines during both turn-on and turn-off events remain within the Safe Operating Area (SOA)
of the device. For HVDC applications, where reliability is critical, it is likely that significant
margins are placed on these limits [105].
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4.4.1 Overloading of Modular Multi-level Converters
The P/Q capability of MMC is constrained by the peak current handling capability of the
semiconductor devices, but also by factors such as the magnitude of the ripple imposed on
the sub-module capacitor voltage within each arm of the converter and the peak voltage that
each sub-module is rated for [121; 133]. These limiting factors are influenced by the level of
distributed stored energy within the converter, corresponding to the size of the sub-module
capacitor. The provision of overload capability is likely to come at some design cost, either
in terms of an increased sub-module capacitor size or an increased number of sub-modules
required inside the converter. It has been proposed that overload capability might be achieved
within MMC without over-sizing of the semiconductor devices [105]. Controlled circulating
harmonics, comprised of even components, are used to suppress the peak arm current required
to be commutated by the IGBTs for a given apparent power set-point [134; 105]. Such circulating
currents cause additional losses within converters and so are not expected to be used during
normal operation.
Thermal constraints imposed by the junction temperature limits of the semiconductors may
also impact the overload capability and the design of the converter. If a continuous overload
rating is required then the converter cooling system and the heat-sink design of each sub-module
must be designed for this. For applications where a short period of overload is required, it may be
possible to dynamically rate the converter. Such short-term overload is likely to be in the region
of seconds, with a possible reduction to a lower continuous overload rating after the thermal
overhead available has been used in the initial portion of the converters’ overload response [121].
Other elements in the system, such as the cable system and converter transformers may also
impose thermal limits on the amount of time the overload capability is available [113]. However,
these can be expected to be at a longer time-frame than any thermal constraints imposed by
the power electronics within the converter.
This study considers cases where there is a continuous overload capability available, as well
as cases where the full overload is available for either 5 or 10 seconds with a reduction to a
lower steady-state overload value after the converter is expected to be thermally constrained.
134 Chapter 4. HVDC Converters providing Frequency Support to AC Grids
4.4.2 HVDC Links with Overload Capability
The action of the overload capability of HVDC systems to mitigate the frequency fall in case
of loss of in-feed events is explored in this section. To facilitate this, the three-node GB system
connected to a remote grid via two MMC-based VSC HVDC links (presented in Section 3.3.2)
shown in Figure 4.14 is used. Both HVDC links are rated at ±525 kV, 2.5 GW and are envisaged
to employ the latest cable technology developed by ABB [113; 135]. The overload capability,
discussed in Section 3.2.2, allows the converter to transfer an extra 30% over its power rating,
without damaging the converter components. Furthermore, the HVDC converters are equipped
with the supplementary frequency control described in Section 3.2.1. The implementation of
this strategy allows a more effective sharing of reserve and response and it is cheaper as it
does not involve the installation of new equipment. It may also allow the sharing of spinning
reserves between interconnected frequency control areas, offsetting additional costs associated
with providing the overload.
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Figure 4.14: Three-node GB System connected to a remote grid via two HVDC links. Power flows are
indicated for the winter peak scenario.
A set of time-domain simulations was performed in PowerFactory to explore the potential
of the overload capability scheme proposed for two operative scenarios: the Winter Peak and
the Summer Night. The properties of the system for the two scenarios examined are listed in
Table 4.1.
The Winter Peak case is modelled according to [92], the maximum number of generators
4.4 HVDC Converters with Overload Capability 135
Table 4.1: General Properties of Three-Node GB Network
Property Winter Peak Summer Night
Power in-feed via HVDC to GB [GW] 5 5
Generation
[GW] 63.9 21.3
[GVAr] 16.05 5.5
Load
[GW] 67.2 25.9
[GVAr] 14.78 3.1
Grid Losses [GW] 0.99 0.29
within the system are operational and the demand is assumed to reach the highest values as
defined by the average cold spell (ACS) [92]. The demand of the transmission system at the
winter peak is considered the most onerous condition for the network in terms of line loading
and asset use. The load has to be met by the combination of large, medium and small power
stations along with power imported via HVDC interconnections. The presence of synchronous
machines, which are engaged in the provision of spinning reserves, ensures the overall stability
of the system.
In the Summer Night case the minimum demand of summer is considered, and the elec-
tricity generation reaches its lowest level. As a consequence of the lower power demand, fewer
generators operates and the inertia of the transmission system is reduced. This case is used as
one of the reference worst case scenarios for frequency event studies by the system operator of
GB [92].
Two fault events are investigated for the Winter Peak and Summer Night cases: a serious
loss of generation, where generator G3c goes out of service causing a loss of 1.8 GW, and a
severe loss of in-feed, which involves the complete outage of Link A (2.5 GW). Each event is
examined considering cases where overload capability is available and not. For the summer
night case additional studies are conducted in which the HVDC overload capability is only
available short-term. The cases studied are summarised in Tables 4.2 and 4.3, and the overload
capability options are shown in Figure 4.15.
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Table 4.2: Winter Peak Case
Disturbance HVDC Overload Capability
Loss of Generator G3c (a) No Overload Capability
(1.8 GW) (b) 30% Continuous Overload
Loss of HVDC Link A (a) No Overload Capability
(2.5 GW) (b) 30% Continuous Overload
Table 4.3: Summer Night Case
Disturbance HVDC Overload Capability
(a) No Overload Capability
(b) 30% Continuous Overload
Loss of Generator G3c (c) 15% Continuous - 30% for 10 Seconds
(1.8 GW) (d) 15% Continuous - 30% for 5 Seconds
(e) No Continuous - 30% for 5 Seconds
(a) No Overload Capability
(b) 30% Continuous Overload
Loss of HVDC Link A (c) 15% Continuous - 30% for 10 Seconds
(2.5 GW) (d) 15% Continuous - 30% for 5 Seconds
(e) No Continuous - 30% for 5 Seconds
4.4.2.1 Winter Peak Case
The dynamic response of the system is simulated with outages of a generation unit and of one
HVDC link. The events happens at 65 seconds and the system frequency response is monitored
without (red curve) and with (green curve) the implementation of the overload scheme. The
initialization process lasts for a few tens of seconds and it is not illustrated in the graphs, the
time interval starts at 40 seconds once the system has gained the steady state after the initial
transient.
Loss of Generation: Outage of generator G3c (1.8 GW)
To test the effectiveness of the overload capability in critical circumstances, the infrequent
in-feed loss risk is applied at generator G3c, as shown in Figure 4.16a.
Figure 4.16b illustrates the frequency response of the system in the cases where the overload
capability is available and unavailable. The red curve shows the frequency response without the
implementation of the overload scheme, the frequency nadir is 49.42 Hz with a recovery to a
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Figure 4.15: Options applied to the overload capability.
steady-state frequency of 49.6 Hz, within the acceptable response required by the GB Grid Code
[111]. The green trace in Figure 4.16b indicates the grid frequency response with the application
of the overload capability. The frequency nadir in this case is improved and it reaches 49.7 Hz.
The improvement of the nadir is due to the action of the supplementary droop controls of the
HVDC links, that are capable of demanding up to an additional 1.25 GW of power as illustrated
in Figure 4.16c. For practical scenarios where a frequency support agreement is in place, this
may have to be limited to a lesser value to avoid excessive coupling of frequency events between
interconnected grids.
Loss of a Link: Outage of Link A (2.5 GW)
Figures 4.17a and 4.17b show the system behaviour after Link A goes out of service, causing
a loss of in-feed of 2.5 GW. With no overload capability present, the frequency nadir reaches
49.36 Hz, with a recovery to a new steady state value at 49.5 Hz. With the overload capability
activated the loss of in-feed is reduced from 2.5 GW to 1.8 GW, as the parallel link that remains
operational ramps into its overload region. The delay Link B takes to enter the overload mode
is caused by the dead-band present in the frequency droop control. The frequency fall reaches
in this case was 49.53 Hz with a steady-state frequency of 49.67 Hz, an improvement upon the
case of a loss of 1.8 GW of on-shore generation. The additional power flows through the HVDC
links for both cases are shown in Figure 4.17b.
4.4.2.2 Summer Night Case
The same disturbances are considered in the Summer Night case. Since the system settings
change and the reduction of the peak demand leads to a decrease in the available spinning
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Figure 4.16: System response in winter peak scenario after the outage of generator G3c. Red indicates
Case (a), green Case (b).
reserves, the disturbances are expected to have a more severe impact. The system frequency
response is monitored for the scenarios listed in Table 4.3. An assessment of the efficacy of
short-term overload capability to allow the operations of HVDC links beyond the loss of in-feed
limits is also made for this scenario.
Loss of Generation: Outage of generator G3c (1.8 GW)
The frequency response for the studied cases after a loss of onshore generation of 1.8 GW is
shown in Figure 4.18a. The power flows in each of the HVDC corridors for each case are shown
in Figure 4.18b.
In case (a) the overload capability is not implemented, hence the DC power transfer is kept
constant at 5 GW. The frequency nadir reached in this case is 49.34 Hz. In the other scenarios
the frequency nadir is improved thanks to the action of the overload capability scheme. The
most desirable response is observed in case (b), where the overload scheme is continuously in
service at 30%.
In cases (c) and (d) the overload capability is limited to 10 seconds and 5 seconds respectively.
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Figure 4.17: System response in winter peak scenario after the outage of generator G3c. Red indicates
Case (a), green Case (b).
In both cases the frequency is noted to begin dropping again once the short-term overload
capability of the converter was exhausted and the converter is forced to reduce its power output
to its continuous overload rating (at 15%). The frequency nadirs reached in both cases show
significant improvement to the base case, reaching 49.74 Hz and 49.71 Hz respectively. In case
(e), where there is no continuous overload rating after 5 seconds, the overall loss of generation
that the system dealt with was 1.8 GW.
The short-term overload contribution from the HVDC links allows the effective loss as
seen by the system to be divided into two stages. Thus, the governor response of the rest
of the synchronous generators within the system gains additional time to begin to address the
imbalance in power. This results in an improvement in the frequency nadir reached to 49.56
Hz (case (e)), in comparison to the 49.34 Hz experienced in the base case where no overload
capacity is available.
Loss of a Link: Outage of Link A (2.5 GW)
The frequency response of the system to each studied case considering the outage of Link
A (loss of in-feed of 2.5 GW), and the power flows within the HVDC corridors are shown in
Figures 4.19a and 4.19b respectively.
If no overload capability scheme is implemented the event caused the grid frequency to fall
to 49.2 Hz, this is the maximum change of frequency allowed for infrequent events and indicates
that the system is operating close to its operational limits [25]. In case (b), where the full
overload rating of 30% is available continuously, the frequency nadir improves to 49.42 Hz, a
margin of 0.22 Hz above the frequency drop reached if no overload capability is present.
140 Chapter 4. HVDC Converters providing Frequency Support to AC Grids
120.104.88.072.056.040.0 [s]
50.6
50.2
49.8
49.4
49.0
48.6
49.34 Hz
49.56 Hz
49.69 Hz
49.74 Hz
49.77 Hz
[Hz]
D
Ig
S
IL
E
N
T
tnadir
49.71 Hz
(a) Frequency response.
120.104.88.072.056.040.0 [s]
8000.
6400.
4800.
3200.
1600.
0.000
[MW]
D
Ig
S
IL
E
N
T
6000 MW 
5000 MW 
(b) Sum of DC power flows.
Figure 4.18: System response in summer night time scenario after the outage generator G3c. Red
indicates Case (a), green Case (b), brown Case (c), blue Case (d) and cyan Case (e).
The same frequency nadir is reached in case (c), where the full overload capacity is available
for 10 seconds before being reduced to a lower steady state value after the overload capability
is exhausted. The effective overall loss of in-feed experienced by the system in this case is 2.125
GW, reduced from 2.5 GW due to the 15% continuous overload rating of the HVDC link. The
short term overload capability divided the loss of in-feed into two portions, giving additional
time for the primary reserves to respond before the full loss of in-feed happened.
In case (d), where the full overload capability is available for 5 seconds the frequency nadir
reached is 49.4 Hz, with a further slight drop in the frequency as the converter ramps down its
power output to its continuous overload rating of 15%.
In case (e), where the converter has a no continuous overload rating the frequency of the
system experiences a second step drop in frequency to 49.33 Hz as the overload power delivered
through the link is removed.
For both cases (d) and (e), the end of the short-term overload capability coincides with the
nadir of the first portion of the frequency drop. After the overload scheme is removed, the
frequency falls down to a further nadir (49.4 Hz for case (d) and 49.33 Hz for case (e)). To gain
the most benefits, the duration of the overload capability may have to be at least equal to time
the system takes to reach tnadir.
The ROCOF for each case is shown in Figure 4.20. The ROCOF of the initial transient after
the frequency event is observed to be the same for each case, as this is governed by the level of
inertia within the AC system. The overload capability allowed the ROCOF to be arrested to a
lower value shortly after the converter droop response began. For instance, at 67 seconds case
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Figure 4.19: System response in summer night time scenario after the outage of Link A. Red indicates
Case (a), green Case (b), brown Case (c), blue Case (d) and cyan Case (e).
(a) has a ROCOF of 0.2 Hz/s while cases (b)-(e) have a ROCOF of 0.1 Hz/s.
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Figure 4.20: Rate of Change of Frequency in summer night time scenario after the outage of Link A.
Red indicates Case (a), green Case (b), brown Case (c), blue Case (d) and cyan Case (e).
One of the options which may help arrest the ROCOF in a faster time frame is the application
of a synthetic inertia controller. This may aid in arresting the initial ROCOF, if it exceeds the
specified limits stated by the GB grid code loss of mains protection setting [136], to a safe value
within the time interval required (500 ms). The addition of the inertial response of the converter
to the system inertial response in the initial post-fault transient is investigated in Section 4.5.
In this section, the overload capability of HVDC systems is demonstrated to play a key
role in providing frequency support to the AC grids they interconnect. It enabled the sharing
of primary frequency reserves and it made feasible the operation of HVDC links which exceed
the loss of in-feed power limit by allowing emergency power re-routing through parallel healthy
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links. The frequency nadir is always improved by exploiting the overload capability and the
new steady-state frequency is higher if some continuous overload capability is applied. Even
the short-term overload capability (5-10 seconds) is noted to make a relevant improvement to
the nadir frequency, despite causing a second step drop once the overload is removed.
4.5 HVDC Converters with Internal Energy Storage
In an MMC there is a large number of cells each with a large valued capacitor which maintains
the cell voltage close to its nominal value as current passes into and out of the cell. By virtue
of this, the converter stores a significant amount of energy. A portion of the converter stored
energy could be released quickly and injected into the AC grid to improve the system inertial
response in the initial post-fault transient (≤ 500 ms). The effects that the injection of the
energy stored in MMC converters may have on the inertial response of an AC system subjected
to a loss of generation event are investigated in this section.
4.5.1 Internal Energy Storage Capability of MMC
In normal operation, the energy stored inside a modular multi-level converter ensures the gen-
eration of the multi-step voltage waveform and the balance between the instantaneous AC and
DC powers. The energy content of an MMC is small and varies according to the rating of the
converter, on average it is 30-40 kJ/MVA [104]. A converter rated at 800 MW is therefore
able to store a total amount of energy between 24-32 MJ. However, only a fraction of the total
energy (up to 10 %) can be extracted from the converter without jeopardizing the its opera-
tions. Following a loss of generation event, up to 3.2 MJ can be extracted from the converter
and injected into the AC grid during the initial post fault-transient (400 ms) for improving the
inertial response.
The inertia constant of an HVDC converter HCONV is calculated as the amount of time
for which the device can output maximum power without receiving any input power. If the
converter stores 30-40 kJ/MVA and no recharging is contemplated, the device runs out of
energy within 0.03-0.04 seconds when exporting a power of 1 p.u., therefore HCONV = 0.03-
0.04 seconds. The inertia constant of a synchronous machine HGen ranges between 4 and 10
seconds for thermal generation units [29]. In a mixed AC and DC system characterized by
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a large share of conventional generation, the contribution of HVDC converters stored energy
to the system inertial response is therefore significantly smaller than the contribution from
synchronous generation units (less than 0.5%).
4.5.1.1 Internal Energy Storage through MMC Energy Controller
As discussed in Section 3.2.2.2, in the MMC RDM the energy controller is in charge of managing
the average energy content of the converter stacks. Due to the absence of cells in the reduced
version, the energy controller calculates the stack energy content considering the currents (ij,up
and ij,low) and voltages (vj,up and vj,low) in each arm. Equations (4.3) and (4.4) defines the total
energy contained in every phase (j= a, b, c) for the upper Ej,up and lower stacks Ej,low, where
E0 indicates the initial energy at t = 0.
Ej,up(t) =
∫ t
0
vj,up(t)ij,up(t)dt+ E0 (4.3)
Ej,low(t) =
∫ t
0
vj,low(t)ij,low(t)dt+ E0 (4.4)
The total energy stored in the three phases of the converter EMMC is calculated as the sum
of Ej,up and Ej,low and it is defined in (4.5), where Ccell is the cell capacitance nstack is the
number of stacks per converter (6) and Nsm is the number of sub-module per stack.
EMMC(t) =
∑
j
Ej, up-low(t) =
nstack ×N sm
2 × Ccell × V cell
2(t) = 3× Ccell × V DC
2(t)
N sm
(4.5)
The decoupling of the power references of the AC and DC sides (Pac,ref and Pdc,ref) can
allow the converter energy content to deviate from the nominal value. This permits the energy
stored in the stacks to be quickly released from the converter and used to aid the system inertial
response after a frequency event.
For this study, the imbalance between the power references is caused by the introduction
of a designed signal, named Enmargin, in the energy controller and in the current controller of
the MMC RDM control system (described in Section 3.2.2.2 and Figure 3.10). The addition
of Enmargin produces an alteration of Pac,ref, therefore the converter energy content is forced to
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deviate from the nominal level. Figure 4.21 shows that this is achieved by directly modifying the
target of the energy controller and by a feedforword term in which the derivative of the energy
change is used to vary the power reference. This changes the nominal set-point leading every
arm to operate as an energy buffer between the AC and DC side. The action of the Enmargin in
the energy controller is described in Figure 4.22.
Power Management
Pac,ref = Pac+yextra+ydev
 
Energy Controller
 
P margin 
Pac,ref = Pac+Pmargin
En margin 
derivation 
Figure 4.21: Enmargin and Pmargin in the MMC RDM control system.
inside Energy 
Calculation Block
v up,j
i up,j
x P up,j 1/s En up,j +
En margin up,j
+
En nominal up,j
DE up,j
Current 
Controller
-
v low,j
i low,j
x P low,j 1/s En low,j +
En margin low,j
+
En nominal low,j
DE low,j
-
Figure 4.22: Addition of Enmargin in the energy controller.
The signal Enmargin is designed to extract up to 10% of the nominal energy content from
the converter in a very short time frame (400 ms), and to inject it into the grid after a loss of
generation event. The interval of 400 ms is selected as it is the time range in which the energy
from the converter is expected to flow inside the faulted AC grid. Figure 4.23 illustrates the
Enmargin used and the power consequentially injected into the AC system. The energy starts
to be extracted when the fault is applied and it stops when the system frequency eventually
recovers to a new steady state. Afterwards, the energy is returned from the AC grid into the
converter starting at t = 80 seconds.
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To ease the understanding of the energy behaviour in the converter, the stacks are considered
as loads. It means that in the load convention, a positive power indicates an absorption into the
stacks, hence a positive energy; whereas a negative power denotes an injection from the stacks,
hence a negative energy [106]. In transmission applications, the energy stored in the arm and
phase inductors is extremely small, it is therefore neglected.
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Figure 4.23: Energy Margin signal and consequential Power Margin signal.
4.5.2 HVDC Link with Energy Storage Capability
The analysis presented in this section is carried out in order to confirm that the contribution
of the energy stored in modular multi-level converters to the inertial response of AC grids
dominated by synchronous generation is a rather small effect. For this study, the multi-machine
system (presented in Section 3.3.1) is used. The system configuration is shown in Figure 4.24,
and its properties are listed in Table 4.4. The MMC-based HVDC link, rated at 800 MW, ±
320 kV and 100 km long, is the only connection between the two areas of the multi-machine
system and it transfers DC power from area 1 to area 2.
The converter energy content Econv,nom is calculated using 4.6, where nstack is the number of
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G1
G2
G4
G3
CONV2CONV1 400 MW
400 MW
Ld2Ld1
DC Lines
Bus West Bus East
Area 1 Area 2
Figure 4.24: Multi-machine system with HVDC link.
Table 4.4: Properties of Multi-Machine System
Unit P [MW] Q [MVar]
G1 900 (SL) 185
G2 900 235
G3 650 185
G4 650 202
Ld1 1020 100
Ld2 2020 250
stacks, Nsm is the number of sub-modules per stacks, Ccell is the cell capacitance, and Vcell,nom
is the cell nominal voltage. The number of sub-modules Nsm is defined by 4.7, where Nredundancy
indicates the number of redundant cells and it is set to 20 for this study. The properties of the
converters are listed in Table 4.5 for this study.
Econv,nom(t) =
nstack ×N sm
2 × Ccell × V cell,nom
2(t) (4.6)
N sm =
V DC
V cell,nom
+N redundancy (4.7)
Table 4.5: Properties of MMC
Parameter Value
Vcell,nom [kV] 1.5
Ccell [mF] 9.28
VDC [kV] 640
Nredundancy 20
After calculations, Econv,nom = 28.2 MJ meaning that the converter stores 35 kJ/MVA.
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Considering the 10% limitation, only 2.8 MJ can be extracted from the MMC. This energy is
then injected into the AC grid after a loss of generation event during the initial post fault-
transient (400 ms) for improving the inertial response.
A set of time domain simulations is performed in PowerFactory to confirm the effects of the
energy storage on the system frequency recovery (inertial response). The initialization process
lasts for a few seconds and it is not illustrated in the graphs, the time interval shown starts
at 15 seconds once the system has reached the steady state. A loss of generation of 70 MW is
applied at generator G2 in area 1 at t = 20 seconds. The dynamic response of the system is
examined considering the different control options listed in Table 4.6. In Option 1 (red curve)
the HVDC link acts as a firewall, in Option 2 (green curve) the supplementary frequency droop
control is applied at CONV1 on the side of area 1, and in Option 3 (blue curve) the converter
energy storage is considered at CONV1.
Table 4.6: Control Options
Control Option Condition
Option 1 HVDC as firewall
Option 2 Supplementary frequency droop control at CONV1
Option 3 Internal energy storage at CONV1
The system dynamic response is illustrated in Figures 4.25-4.28. Figure 4.25 illustrates the
frequency response of area 1 and area 2. In Option 1, the HVDC link is operated as a firewall
and the two areas are decoupled. In area 1 the frequency nadir reached is 49.4 Hz, whilst the
frequency in area 2 is kept at nominal value. The application of the supplementary frequency
droop control in Option 2 improves the frequency nadir to 49.59 Hz in area 1, at cost of reducing
the DC power transfer. The two areas become coupled and the frequency in area 2 is observed
to vary (Figure 4.25b). The post-fault equilibrium is achieved 14 seconds faster than in the
previous case. In Option 3, a portion of the energy content of CONV1 is injected into area 1
and it acts on the inertial response of this area during the initial post-fault transient (400 ms).
As expected, the frequency profile from Option 3 is nearly identical to the one from Option 1
(Figure 4.25a) because the converter energy content is not large enough to have any significant
effects on the system inertial response.
A closer frame of the frequency profile and of the ROCOF of area 1 are shown in Figure 4.26
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Figure 4.25: Frequency response of area 1 and area 2. Red indicates Option 1, green Option 2, and
blue Option 3.
to further confirm the ineffectiveness of the converter energy storage to aid frequency recovery.
In Figure 4.26a, the inertial response is observed to be identical for the three cases. In Figure
4.26b, the ROCOF was noted to be the same during the initial post-fault transient.
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Figure 4.26: Zoom of frequency response of System 1. Red indicates Option 1, green Option 2, and
blue Option 3.
The DC power transfer between area 1 and area 2 is shown in Figure 4.27a. The DC power
flow varies only with the implementation of the supplementary frequency control (Option 2),
the supplementary scheme is active for 10 seconds until the frequency in area 1 recovered within
the statutory limits.
The energy content of CONV1 is illustrated in Figure 4.27b. The total energy is kept at
nominal value (28 MJ) throughout the disturbance for Options 1 and 2. In Option 3, the
application of the Enmargin signal allows the extraction of 2.8 MJ injected then into area 1.
The energy starts to be extracted from the converter at t = 20 seconds (simultaneously to the
beginning of the fault) until t = 40 seconds (when the frequency gains a new post-fault steady
state). The energy is returned to the AC system later, long after the fault is extinguished.
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Figure 4.27: Dynamic response. Red indicates Option 1, green Option 2, and blue Option 3.
Figure 4.28 displays the power output of the generation units for all the control options
considered. The loss of generation of 70 MW at unit G2 is shown in Figure 4.28b. In a
system of such size, this fault causes a severe effect on the frequency profile of area 1 (4.25a).
The power output of generator G1 is observed to increase after the disturbance and to have a
similar response for all the control options considered, as illustrated in 4.28a. In Figures 4.28c
and 4.28d, the output powers of the generation units of area 2 are noted to changed only if the
DC link power is reduced (Option 2).
Considering (2.5) and knowing HG1 = HG2 = 6.5 seconds, then Harea1 = 6.5 seconds. The
inertia constant of the converter HCONV1, which stores 35 kJ/MVA and where no recharging is
contemplated, is calculated as 0.035 seconds. The contribution of the converter to the system
inertial response is therefore found to be significantly smaller than the contribution from the
synchronous generators (less than 0.5%). This explains the reason why the frequency profiles
were nearly identical in the initial post-fault transient.
The injection of a portion of the energy stored in the converter into AC grids affected by
loss of in-feed events may have a more significant effect on the frequency response in a different
system configuration, such as a reduced-inertia system where the thermal generators will be
replaced by wind farms. Furthermore, this concept could be applied in combination with the
supplementary frequency control in order to improve the frequency recovery both in terms of
inertial and primary response.
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Figure 4.28: Output power from generators in System 1 and System 2. Red indicates Option 1, green
Option 2, and blue Option 3.
4.6 Conclusions
The frequency support services that HVDC converters provide to aid the system frequency
recovery after large disturbances have been investigated in this chapter. The frequency response
typical of large AC transmission networks interconnected via DC links equipped with either two-
level or modular multilevel VSC stations has been examined for a number of circumstances.
The ability of HVDC links to act as firewalls and to prevent the propagation of cascading
disturbances among interconnected networks has been proven. This approach implies the isola-
tion of the faulted system, which may not recover in cases where the disturbance is particularly
severe. Prevention of the propagation of the disturbances originating in one system from passing
to the other is of particular concern for a proper understanding of the performance of HVDC
corridors among different countries in the prospective of the European Super Grid.
The implementation of the supplementary frequency droop control, which acts on the DC
power transfer after detecting frequency deviations, has been observed to increase the level of
coupling between two separate AC grids. The action of frequency-droop supplementary control
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implemented in the rectifier end of the VSCs had the desired effect of helping the system that
suffers a generation loss to recover its frequency but at the cost of coupling the event into the
other system and causing a frequency disturbance there also.
The overload capacity of HVDC systems is demonstrated to play a helpful role in providing
frequency support services to the AC systems they interconnect. Firstly the overload capability
may enable the sharing of primary frequency reserves between interconnected frequency control
areas. Secondly it may make feasible the operation of HVDC links which exceed the loss of
in-feed power limit by allowing emergency power re-routing through parallel links in the event of
the loss of one link. The use of overload capability is demonstrated to bring a significant benefit
to a system of the size of Great Britain (60 GW peak demand); more so when running under
light load conditions (summer night time) than at peak demand (winter evening). Specifically,
the nadir of the frequency drop following a large loss of in-feed is reduced by exploiting the
overload capability and the new steady-state frequency is higher if some continuous overload
capability is present. Even the short-term overload capability (5-10 seconds) was found to
make a relevant difference to the frequency nadir. It buys time for slower forms of reserve to
act allowing fast-start generation or demand-side services to substitute for spinning reserve.
The injection of a portion of the total energy stored in the cell capacitors of modular multi-
level converters is confirmed not to have any beneficial effects on the inertial response after a
loss of generation event in a system characterized by a large inertia. The amount of energy
extractable from the converter was found to be far smaller than the energy provided by the syn-
chronous machines during the initial post-fault transient. However, this strategy may produce
a more significant effect in a reduced-inertia system, with a prevalent presence of wind on the
supply side.
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Chapter 5
DC Voltage Control Strategies for
MMC MTDC Grids
The dynamic response of multi terminal DC (MTDC) grids to AC faults and converter out-ages is examined in this chapter. The conventional methodologies for controlling MTDC
grids and the limitations of such schemes for severe contingency conditions are investigated.
An alternative control strategy able to ensure grid reliability and voltage stability in the case
of a sudden outage of a slack bus (one controlled in Vdc-Q mode) is proposed. A five-terminal
DC scheme, which connects offshore wind farms with onshore AC systems, has been developed
in Matlab/Simulink and Opal-RT Simulator. The dynamic response of the system is observed
after a variety of disturbances to test the effectiveness of the control strategy proposed.
5.1 MTDC Grids Specifications
The expansion of voltage source converters to high voltage and high power ratings has facilitated
the construction of MTDC grids thanks to their ability to invert the power flows through current
reversal instead of voltage reversal, ability to control active and reactive powers independently,
ability to generate the AC voltage without relying on a strong AC grid, and to the small size
of filters and the black-start capability [137].
Multi-terminal DC schemes are likely to become the preferred option to connect offshore
generation to onshore demand. They may become the back-bone of future grids where a con-
siderable share of supply is predicted to come from distant wind sites. Furthermore, MTDC
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networks are likely to play a key role in the interconnection of onshore AC grids aiding the
realisation of the European Super Grid. According to the North Sea Countries Offshore Grid
Initiative (NSCOGI), the North Sea MTDC grid is expected to exploit the offshore wind energy
resources as well as to interconnect the Great Britain transmission systems and the Nordic pool
with continental Europe [138; 139].
However, a number of issues worry the TSOs about the development of these grids, such
as the significant investments required, the technological barriers (DC circuit breakers) and the
unknown impact of MTDC operations and control on the onshore AC networks [140]. One
of the main concerns is the reaction of MTDC grids to the outage of one or more converter
stations, the consequential power imbalance and the impact on the onshore AC networks. In
order to minimize the effect of such contingency on the surrounding AC systems, the power
mismatch due to a converter failure has to be properly coordinated. Several control strategies,
including the master and slave approach and the concept of droop control have been proposed
to ensure a correct power sharing and frequency support [138; 140; 141; 142].
A large number of studies have been carried out to analyse thoroughly the configurations,
dynamic operations and control strategies of MTDC grids with VSC stations [143; 144; 145; 146].
In [145], the authors discussed the design of several control strategies, which considered AC
voltage control for the wind farms, DC voltage control and regulation of the power flows to
the onshore AC grids. The control systems were designed such that automatic coordination
between the converters was possible without the need of fast communication. These control
schemes were then tested in various MTDC configurations, that might form the connection of
offshore wind farms to the onshore GB transmission system.
The impacts of AC side faults on MTDC dynamics is discussed in [147; 148]. In [147], the
authors proposed an innovative approach to improve the voltage and rotor angle stability of a
power system considering the injection of additional short-circuit current from the VSC-based
MTDC grid following an AC side fault. In particular, several control schemes and parameter
sensitivities are tested to assist the design of future grid codes for MTDC grids operating with
AC networks. The nature of the additional short circuit currents varies from purely active to
purely reactive according to the control strategy used. The application of the current limitation
scheme was found to be beneficial for both AC system voltage and rotor angle stability as well as
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for the MTDC grid operation. The effects that control designs and converters operating points
may produce on the dynamic responses of MTDC grid subject to an AC side fault are described
in [148]. The authors proposed the introduction of an adaptive current limit control to keep the
DC grid voltage and converter currents within acceptable values, as well as to improve response
of the system to AC side faults.
5.2 Control Strategies for MTDC Grids
The control strategy of an MTDC scheme has to ensure stability in normal conditions and fast
recovery in the case of faults. A wide range of disturbances may affect multi terminal grids,
such as power exchange variations, loss of lines or outages of converters. The aim of the control
strategy is to maintain the system at a stable operating point, considering voltage limits and
cables capacity. Some approaches use a centralized or coordinated control scheme and others
are decentralized. The control strategies for MTDC schemes are explained in this section. The
traditional master and slave control is illustrated first, a detailed explanation of the P-Vdc droop
control is given afterwards and an alternative procedure for Vdc control in slack converters is
described at the end. Independently of the control strategy applied on the MTDC grid, at
least one converter (slack or master converter) must regulate the DC voltage, and it has to stay
within its power rating to ensure healthy system operations.
5.2.1 Constant Vdc Control
In DC networks the DC voltage is the balancing signal and it should be kept constant during
normal operations. In Constant Vdc Control, the master and slave approach is applied, the mas-
ter (or slack) converter is in charge of controlling Vdc, whilst the other converter stations (slave
converters) control the active power transfers. The master adapts its power flow automatically
to ensure the power balance within the DC grid [137].
In order to regulate the power flow in the DC grid and maintain Vdc at the reference level,
the voltage controller applied to the master converter moderates idref, which is the input of
the inner control current loop. The difference between the actual DC voltage, Vdc and the
reference, Vdc, ref is processed through a PI controller to obtain the desired idref, as shown in
Figure 5.1a. The active power controller applied to the slave converters operates following a
5.2 Control Strategies for MTDC Grids 155
similar principle, as illustrated in Figure 5.1b [149].
Vdc
PI1 id,ref
Vdc,ref
+
-
(a) Vdc control.
P
PI2 id,ref
Pref
+
-
(b) P control.
Figure 5.1: Schematic diagram of Constant Vdc control schemes for (a) master converter and (b) slave
converter.
Such a centralized control strategy requires the slack converter to react quickly to transients
and to be overrated in case of disturbances [150; 151]. However, this strategy is not robust as
it is vulnerable to an outage at the master/slack station, which would cause malfunction.
5.2.2 P-Vdc Droop Control
P-Vdc Droop Control is a peer-to-peer method applied in MTDC grids to facilitate power sharing
after a converter outage. This decentralized but coordinated approach allows all the converter
stations to participate to power balancing by taking a share of the power mismatch that the
slack converter would compensate for in the Constant Vdc Control method. The presence of
multiple slack converters would raise conflicts, but the Vdc droop control method overcomes
this and permits the regulation of power flows according to DC voltage variations. Its control
principle is equivalent to the frequency droop control for AC system, however Vdc is not a
unique value due to the voltage drops caused by the line resistances in the DC grid [137].
The implementation of such control strategy avoids the requirement of having a master
converter in the MTDC network. It will ensure correct power sharing in case of converter outage
but with a risk of jeopardizing voltage stability, as Vdc may exceed the limits. Acceptable limits
in Vdc are a project design specification. In common practice the voltage in a DC grid must be
kept within +1.05 p.u. and -0.95 p.u..
The control scheme for P-Vdc droop control is illustrated in Figure 5.2. It modifies the power
reference of the converter station if Vdc varies away from the reference. The value of the droop
constant β at each converter defines the sharing of the power imbalance between the terminals.
Identical droop parameters would cause an equal power sharing between all the converters. If
unequal values are selected, the larger ones will have a more significant contribution in the
control loops [140]. In order to select the most convenient value for the droop, a sensitivity
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analysis is carried out. Factors like converter ratings and cable parameters (resistance) are
considered to estimate which droop value gives the best response in terms of voltage profile and
sharing of power mismatch.
Vdc,ref
Pmeas
Pref
Figure 5.2: Schematic diagram of the P-Vdc droop control applied in P-Q controlled converters.
A detailed post contingency analysis for an MTDC grid where converters are equipped with
voltage droop control is offered in [140] and it is briefly discussed hereafter. Naming Pi the real
power output from the ith converter, Pref,i the corresponding reference power, Ploss the total
loss due to voltage drops along the DC lines and n being the number of converter stations, then
steady state the system is described by (5.1), (5.2) and (5.3).
n∑
i=1
Pref,i = 0 (5.1)
Ploss = −
n∑
i=1
Pi (5.2)
Pi = Pref,i +
−Ploss
βi
∑n
i=1( 1βi )
(5.3)
Equation (5.3) has been calculated through several algebraic steps and it includes the effect
of the fixed value voltage droop β. After an outage of the nth converter, the post contingency
state (indicated by ′) is defined by (5.4).
P ′i = Pref,i +
−P ′loss + Pref,n
βi
∑n−1
i=1 ( 1βi )
(5.4)
where Pref,n =
∑n−1
i Pref,i and P′loss is the total DC transmission loss after the fault. Assuming
that all converters have the same rating and neglecting the DC power losses, a simplified ex-
pression for the power variation is given by (5.5). This underlines that after the outage of the
nth converter, the remaining n-1 converters will share the power burden equally.
∆Pi = P ′i − Pi =
Pref,n
n− 1 (5.5)
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5.2.3 Vdc-I Droop Control
In normal conditions, the presence of two slack converters in an MTDC grid may lead to conflicts
as the DC voltage would be regulated by competing control schemes. Neither Constant Vdc
Control nor P-Vdc Droop Control are able to guarantee grid reliability and voltage stability in
high loading conditions if an outage occurs at the converter in charge of controlling the DC
voltage. The strategy here described is named Vdc-I Droop Control or Master Droop Control
and use two cooperant slack converters to overcome the limitations of the previous control
methods and to ensure a correct power sharing along with a stable voltage profile.
The coexistence of two Vdc-Q controlled converters is made possible through the variation
of the Vdc reference signal in the Vdc control loop of the two slack converters. As illustrated
in Figure 5.3, the reference voltage Vdc,ref is modified via a droop considering the value of the
direct current Idc, measured at the converter terminal. Idc is selected as it is immediately subject
to variations after a converter outage occurs. The droop constant γ is tuned according to the
operating conditions and the converter rating. The estimation of the γ value is achieved through
a sensitivity analysis approach. Strict constraints are applied to γ: for γ < γmin the droop action
is ineffective, for γ > γmax the deviation between the voltage references is too large preventing
the system from maintaining stability. The application of a Vdc-I Droop Control allows a better
voltage recovery in case of an outage in one of the slack converters, as the other will keep Vdc
within the acceptable limits.
Unlike in P-Vdc Droop Control where the power flows (or the currents) are regulated as a
function of Vdc, in Vdc-I Droop Control the reversed approach is applied at the control scheme
and Vdc is a function of the power or of the current. As a consequence, the voltage is kept well
within the acceptable limits causing large excursions in the power flows (still without exceeding
the nominal ratings).
,
,
,
Idc
Figure 5.3: Modifications of Vdc,ref in Vdc-Q control of a slack converter.
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5.3 Components of an MTDC Grid
The main components of the multi-terminal DC grid developed for testing the Vdc-I Droop
Control (or Master Droop Control) strategy are presented in this section. The general structure
of the grid is described first, a more detailed explanation of the converter stations, which are
equipped with modular multi-level VSCs, and of the wind turbine technology used is provided
afterwards.
5.3.1 DC Grid Platform
A test network consisting of 5 symmetrical monopole converter stations is developed in Mat-
lab/Simulink for use in an Opal-RT Simulator and it is shown in Figure 5.4. The meshed
topology is selected as it represents the structure of future MTDC grids. The system includes
both onshore AC grids and offshore wind farms: terminals 1, 2, 3, 5 are linked to AC systems
represented by ideal voltage sources, terminal 4 is connected to an offshore wind farm. Doubly
Fed Induction Generators (DFIGs) are used to model the wind turbines. All the substations
are equipped with modular multi-level VSC-based HVDC. The terminals are connected via 100
km long underground DC cables. The cables are designed as distributed parameters lines using
OPAL-RT Artemis model. The properties of the MTDC test grid are summarized in Table 5.1.
Table 5.1: MTDC Properties
AC side DC side DC cables
Vac [kV] 220 Vdc [kV] ± 320 R [Ω/km] 0.0127
Prated [MW] 1000 Cdc [µF] 13 L [mH/km] 0.93
X/R ratio 20 Rdc,esr [Ω] 0.614 C [nF/km] 12.74
In the base case, converter 1 is the master and it is controlled in Vdc-Q, converters 2, 3, 5
are regulated in P-Q. The wind farm controller regulates Vac and frequency to ensure that the
maximum amount of power generated by the wind turbines is injected into the grid [152; 153].
Thanks to the capability of VSC to transmit power in either direction, each terminal behaves
as rectifier or inverter according to the operating conditions. For this work, the power flows
considered are shown in Figure 5.4 (+ means power injected into the DC network, - means
power exported from the DC network).
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Figure 5.4: Five-terminal DC grid model.
5.3.2 Converter Stations
The MMC model is developed as a reduced dynamic model, using the features available in Opal-
RT Artemis Library. According to the procedure described in Section 2.4.2, each converter stack
is represented as a controllable voltage source [10]. Every dependent voltage source is then linked
to an Artemis MMC 1P Cell, which implements an unipolar half-bridge with a capacitor, as
shown in Figure 5.5 [12]. This approach reduces the computational time for electromagnetic
transient (EMT) simulations and provides an accurate representation of the behaviour of the
system in case of sub-module failure. The control of the MMC, as described in Section 2.3.2,
is composed by several cascaded controllers: the upper level control includes the outer and
inner controllers, the lower level control consists of capacitor voltage balancing, modulation
algorithm and circulating current suppression control [10]. The characteristics of the MMC
model are summarized in Table 5.2.
Table 5.2: MMC Properties
Property Value
Prated [MW] 1000
Vac [kV] 220
Vdc [kV] ± 320
Rcell [Ω] 0.022
Ccell [mF] 1.1
V0cap [V] 0
Ncell/phase 60
Larm [H] 0.138
Rarm [Ω] 1
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C
Rcell
Ccell
Figure 5.5: Equivalent electrical circuit of the MCC cell block (MMC 1P Cell) from Artemis Library
[12].
5.3.3 Doubly Fed Induction Generator Wind Farm
An offshore wind farm, built using Doubly Fed Induction Generator (DFIGs), is connected to
one of the terminals of the DC grid. The selection of DFIGs is motivated by the advantageous
features typical of these turbines, such as cost-effective provision of variable speed operations
and efficient management of electric torque and reactive power [154; 155].
The structure of a DFIG based wind turbine is shown in Figure 5.6. A back to back converter
is applied to connect the turbine to the grid. The stator and the grid side converter (GSC) are
directly connected to the grid via a step-up transformer. The rotor winding is linked to the
rotor-side converter (RSC), that is usually embedded within the DFIG box, via slip rings.
The control scheme for a DFIG turbine is explained in [70; 154]. The RSC controls the real
and reactive power output of the wind farm, by regulating the rotor currents in dq0 frame. The
GSC regulates the dc link voltage and the reactive power is kept zero to reduce the converter
size. A pitch control scheme is usually added to regulate the turbine speed in the maximum
power region.
Gear
Box
DFIG
RSC GSC
AC
Trasf
Controllers
DC link
C
Figure 5.6: DFIG wind turbine structure.
The DFIG wind turbine model provided by Opal-RT Artemis Library [12] is used in this
work. The main parameters for each unit are listed in Table 5.3. The wind farm is composed
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by five clusters of 12 units each arranged in radial topology. The wind park is linked to the
converter station via 100 km long lines, therefore significant power losses appear along this path.
Table 5.3: DFIG Properties
Property Value
Pnom per unit [MW] 2.22
N of unit 50
V [V] 575
Nnom [rpm] 1500
5.4 Dynamic Operations of an MTDC Grid
A representative set of time-domain simulations are performed in MatLab Simulink and Opal-
RT Simulator to explore the dynamics of the MTDC grid and to assess the effectiveness of
the control strategy proposed in Section 5.2.3. The simulations are run for t = 2 seconds, the
initialisation process lasts for a few hundreds of ms and it is not shown in the graphs. The
evaluation of β and γ droop constants for P-Vdc Droop Control and Vdc-I Droop Control is
defined through a sensitivity analysis approach. The power flows in steady state are as shown
in Figure 5.4. The dynamic performance of the system has been analysed considering several
cases:
1. Three-phase to ground fault applied at converter 1 (Section 5.4.1).
2. Outage at converter 1, where converter 1 is the only master. Converters 2, 3, 5 are
regulated in P-Q and equipped with P-Vdc droop control. Converter 4 is controlled in
Vac-frequency (Section 5.4.2.1).
3. Outage at converter 1 where converters 1 and 2 are both masters equipped with Vdc-I
Droop Control. Converters 3, 5 are regulated in P-Q and equipped with P-Vdc droop
control. Converter 4 is controlled in Vac-frequency (Section 5.4.2.2).
5.4.1 AC Side Fault
A three-phase fault to ground is applied at t = 1 second and it is cleared in 100 ms. As shown
in Figure 5.7, the DC power flows are initially at nominal values. The MTDC grid is controlled
using the P-Vdc droop control scheme. After the fault occurs, the power flow at the master
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station (converter 1) falls to 0 p.u., while the power flows at the other converter stations vary
to compensate for the imbalance. After the fault is cleared, the power flows recover to nominal
values. A significant overshoot is observed in the power flow from converter 1 (P1) due to the
X/R ratio value of source AC1, which produces an high asymmetrical peak fault current.
As illustrated in Figures 5.8a and 5.8b, the direct current and voltage, Idc and Vdc associated
with converter 1 swing significantly during the fault and they return to normal values when
the fault is cleared. The response of the system on the AC side is shown in Figures 5.8c and
5.8d. The three-phase current (Iac) rises up for the duration of the fault while the voltage (Vac)
drops to 0. Normal values are restored after the fault is cleared. The MTDC system recovers
from the AC side fault without significant rise in Vdc, meaning that the voltage stresses on the
converter semiconductors and cables are minimized.
Despite the AC side fault happens at the master converter station, the MTDC system is able
to gain a new steady state. This is achieved thanks to the robustness of the P-Vdc droop control
scheme to three-phase self-clearing faults as well as to the short duration of the disturbance.
The direct voltage does not overcome the acceptable limits (0.95 p.u. to 1.05 p.u.) for longer
than 50 ms and the variation of the power flows of the healthy converter stations lasts for 100 ms
until the faulted terminal returns in service. The P-Vdc control scheme is therefore considered
solid enough to deal with this type of contingencies and the application of a more advance
method (i.e. the Vdc-I Droop Control) is not required.
Figure 5.7: Converter power flows in the DC grid (+ imported to the grid, - exported from the grid).
Blue indicates the power flow of converter 1, red of converter 2, green of converter 3, yellow of converter
4 and black of converter 5.
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(a) Idc at Converter 1. (b) Vdc at Converter 1.
(c) Iac at AC1. (d) Vac at AC1.
Figure 5.8: Dynamic response after an AC side faults at AC1.
5.4.2 Converter Outage
One of the most severe contingency that an MTDC grid can suffer from is the outage of a
converter station. The loss of the master converter causes a more serious impact than the failure
of a P-Q regulated station, as Vdc is no longer controlled and the grid stability is jeopardized.
The protection of the MTDC grid to such contingency events should therefore guarantee proper
power sharing among the terminals as well as voltage stability. Vdc acceptable limits are a
project design specification, in common practice the voltage in a DC grid must be kept within
+1.05 p.u. and -0.95 p.u..
In this section, the two control approaches discussed in Sections 5.2.2 and 5.2.3 are applied
to test the recovery of system stability after a converter outage. The first control arrangement
is based on the application of P-Vdc droop control, and the second involves the master droop
regulation.
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5.4.2.1 P-Vdc Droop Control Approach
The dynamic response of the system is examined considering the disconnection of converter 1,
controlled in Vdc-Q, at t = 1 second.
For the tuning of P-Vdc droop control a sensitivity analysis was carried out. Several values
of droop constant β have been tested and it resulted that β should stay in the range βmin <
β < βmax. The outcome of the sensitivity analysis was that for β < βmin (= β1), the overall
system stability is no longer preserved, variations in power flows are small, the power mismatch
takes long to be balanced and Vdc is not kept within the nominal limits. For β > βmax (=
β3), the effect of the P-Vdc droop control becomes negligible. The voltage profiles associated to
the tested values for the droop control are illustrated in Figure 5.9. The black, green and blue
curves represent the voltage response of the MTDC grid for β1 = 0.5, β2 = 0.8 and β3 = 1.2
respectively.
In the post-contingency transient, the DC voltage is observed to rise above the acceptable
limits (+1.05 p.u.; -0.95 p.u.) for every value of β. The application of β = β1 produces the worst
response causing the voltage to increase up to 1.3 p.u.. The selection of larger β droop constants
(β2 and β3) generates more significant variations in the allocation of the power mismatch and
it slightly improves the voltage profile reducing the rise to 1.25 p.u. (for β2) and 1.15 p.u. (for
β3). The best voltage profile is produced by β = β3, therefore it is selected as the optimal value
for the P-Vdc droop control and is named β∗.
Figure 5.10 shows the power sharing in the DC grid considering the P-Vdc droop constant
β∗ = β3. After the outage occurs and the power flow from converter 1 (P1) is reduced to 0
p.u.. Thanks to the action of P-Vdc droop control the power flows from converters 2, 3 and 5
are modulated in order to share the mismatch and maintain the power balance within the grid
(Pin = Pout+Ploss). This test underlines the key features of the P-Vdc droop control method:
it ensures the correct power sharing but it does not guarantee that Vdc stays within the limits.
5.4.2.2 Vdc-I Droop Control Approach
The modification of the Vdc reference signal in the voltage control loop of converters 1 and
2, following the method described in Section 5.2.3, allows the presence of two masters in the
MTDC grid. As Figures 5.11 and 5.12 show, no conflicts are present in steady state. At t = 1
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Figure 5.9: DC voltage for different values of β. Voltage limits (+1.05, -0.95) shown in red. Black
indicates the DC voltage considering the application of β = β1, green of β = β2, and blue of β = β3 =
β∗.
Figure 5.10: Converter power flows for β=β∗ (+ means injected power, - exported power). Blue
indicates the power flow of converter 1, red of converter 2, green of converter 3, brown of converter 4
and black of converter 5.
seconds converter 1 trips and the dynamic performance of the MTDC in terms of Vdc and P is
illustrated in Figures 5.11 and 5.12 respectively.
The selection of γ constant, which defines the master droop control, is evaluated via sensi-
tivity analysis. Droop values have to be chosen in the range γmin < γ < γmax, where γmin =
0.01 and γmax = 0.1. For γ < γmin the action of the master droop strategy is ineffective. For
γ > γmax the deviation between the master voltage references is too large, hence the voltage
profile rises above the acceptable limits and stability is no longer ensured.
Considering β = β∗ for P-Vdc droop and selecting γ within the acceptable range, γ1 = γmin
and γ2 = 0.05 are the constant values which produce the most adequate voltage profiles. Figure
5.11 shows the voltage profiles for γmin (blue), γ2 (green) and γmax (black). Vdc is kept within
the acceptable limits for γmin and γ2, it rises up to 1.05 p.u. and then it promptly returns to its
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nominal value. The best voltage profile can therefore be associated to any value between γmin
and γ2, and in this case γ1 is named γ∗.
In Figure 5.12 the power sharing, considering β∗ as droop constant for the P-Vdc Droop
Control and γ∗ as droop constant for the Vdc-I Droop Control, is illustrated. The power flows
are influenced by the P-Vdc droop to a small extent, only in the immediate post-fault transient
where the power flows from converters 3 and 5 decrease to balance the variation of converter
2. The second master (converter 2) compensates for the power mismatch after the first one
goes out of service. The results demonstrate that the proposed control strategy guarantees a
balanced power sharing along with fast DC voltage recovery.
Figure 5.11: DC voltage for different values of γ. Voltage limits (+1.05, -0.95) shown in red. Black
indicates the DC voltage considering the application of γ = γmax, green of γ = γ2= γ∗, and blue of γ =
γmin .
Figure 5.12: Converter power flows for β=β∗ (+ means injected power, - exported power). Blue
indicates the power flow of converter 1, red of converter 2, green of converter 3, brown of converter 4
and black of converter 5.
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5.5 Conclusions
The dynamic operations of an MTDC network developed in Matlab/Simulink and Opal-RT
Simulator are investigated in this Chapter. The case study grid consists of five terminals,
equipped with MMC VSCs, and connects both onshore AC systems and offshore wind farms
(DFIG). The performance of the MTDC grid is examined in the event of an AC side fault and
of a converter outage. A coordinated control strategy was devised that ensures the correct
power sharing and voltage stability even when the slack converter is tripped. This methodology
overcomes the limitations associated with other control methods thanks to the presence of
multiple master converters. The modification of the Vdc reference signal prevents the rise of
conflicts, which would appear normally in an MTDC grid with two converters in charge of
controlling Vdc.
In an MTDC grid a converter outage is a severe disturbance which is likely to stress the
system in different ways. The Constant Vdc Control is not robust in the case an outage occurs
at the master converter. In the P-Vdc Droop Control, an outage at the slack station causes the
DC voltage excursion to exceed the acceptable limits whilst the power mismatch is managed
through the coordination of the healthy converters. Finally, with the application of the Vdc-
I Droop Control, if one of the master stations trips the Vdc profile is maintained within the
limits producing a large power excursion at the second master converter. However, the power
excursion is still kept lower than the maximum converter power rating.
With the recent increase of interest in MTDC grids, the development of an effective and
robust control strategy is of critical importance to ensure stability and reliability in the perspec-
tive of incorporating these DC schemes within a large transmission system, such as the future
European Super Grid.
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Conclusions
The work presented in this thesis concerns the investigation of mixed AC and DC trans-mission systems from the perspective of the development of a transcontinental energy
network, in particular the European Super Grid. The role of HVDC links has been recognized
as essential for the realisation of future low carbon systems, since HVDC would facilitate the
accommodation of remotely located renewable sources as well as the installation of a high num-
ber of interconnectors between AC grids. Although motivated by cost advantage over using
AC for long distance cables, HVDC also brings with it enhancements in flexibility and security.
However, some features of this technology still needed to be assessed. The topics considered
here have reflected some concerns of TSOs over how system stability is maintained as networks
evolve.
This thesis covered the modelling of large-scale conventional AC systems as well as two-level
and modular multi-level voltage source converters. These models facilitated: a) the analysis of
mixed AC and DC systems considering the dynamic response of AC grids after the inclusion
of two-level or modular multi-level VSC HVDC links, b) the investigation of the capability of
HVDC links used as interconnection between two AC grids to act as firewall in case of large
disturbances, c) the design of frequency support services provided by HVDC converters to the
host AC grids and the study of the consequential degree of coupling between interconnected AC
grids, d) the investigation of MTDC dynamic response in case of converter outages.
DIgSILENT PowerFactory was selected as software platform for developing power systems
and power converters models. Besides its strong capabilities in electricity networks modelling,
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another driving factor that led to the selection of PowerFactory was that National Grid and
Scottish Power use it to carry out their power system studies. However, PowerFactory cannot
directly provide linearised state-space models, nor deal with the power switches of modular
multi-level VSCs. For the fast computing times and for the ease in building switching devices,
Matlab/Simulink and Opal-RT were used for the creation of a MTDC grid model equipped with
MMC stations.
6.1 Summary
This thesis has addressed the main issues regarding operation and control of HVDC links when
they are arranged as interconnectors between two large AC systems or disposed in a multi-
terminal DC grid.
In Chapter 2, a detailed literature review about the operating principles of HVDC technology
and AC/DC converters was provided. Consideration of the stability issues that affect modern
electricity networks led to the identification of the HVDC element as a potential source of
additional control. The stability improvements brought by the installation of HVDC schemes
within existing AC networks include faster power flow control, management of overloading
conditions, mutual support among systems in emergency circumstances and firewall ability. A
number of configurations for HVDC systems was examined and among those the multi-terminal
design was indicated as the preferred option for connecting offshore wind farms with onshore
AC networks. A broad description was given of the working principles and the control designs of
voltage source converters, including two-level, modular multilevel and hybrid topologies. Since
the majority of upcoming HVDC projects is predicted to rely on MMC VSC technology, the
development of an MMC model in a system oriented software platform, such as PowerFactory,
was required. Considering the restricted ability of PowerFactory in power electronics modelling,
the only feasible option was the development a reduced dynamic model. A literature review
of the techniques for developing reduced dynamic models of HVDC converters for system level
studies helped identify the most suitable converter design (Type 5 ) for the realisation of MMCs
in PowerFactory.
In Chapter 3, the modelling of AC grids and HVDC converters was presented. Dynamic
equivalent models of the Great Britain and the Scandinavian transmission networks, as well
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as a multi-machine system [29] and a simplified three-node representation of the Great Britain
grid were described [41; 42]. The GB network described here, complete of steady state and
dynamics components and benchmarked against reference cases [7; 14], is a more detailed and
larger-scale versions compared to the AC grid models available when this work begun [41; 42].
HVDC converters, including two-level and modular multilevel VSCs, were modelled in Pow-
erFactory. Unlike the development of two-level VSC, which did not present technical barriers
thanks to the existence of dedicated blocks in PowerFactory, the modular multi-level VSC was
realized as a reduced dynamic model. These two types of HVDC converters were arranged in
point-to-point schemes and their operations were tested and compared in normal and abnormal
conditions. Finally, the HVDC converters were integrated within the AC networks and the
resulting AC/DC systems were demonstrated to work properly. The behaviour of the multi-
machine system after the introduction of a two-level or a modular multi-level VSC-based HVDC
link was observed to be similar, meaning that the topologies of VSC models used do not affect
the overall performance for a certain range of system level studies. The mixed AC and DC sys-
tem consisting of two MMC-based HVDC corridors between the three-node GB network and a
remote grid was demonstrated to work properly in steady state in spite of the issues introduced
by the presence of 4 converter stations based on MMC RDMs. An HVDC corridor, equipped
with two-level or MMC VSCs, was used as a connection between the Scandinavian and the
Great Britain transmission networks. The resulting AC/DC system was proved to work prop-
erly in steady state. The preliminary verification of the steady state operations of the AC/DC
systems was essential to enable a wide variety of system level studies carried out in the following
chapter.
Chapter 4 investigated the provision of frequency support services via HVDC converters to
help the recovery of system frequency after large loss of in-feed events. The frequency response
typical of large AC transmission networks interconnected via VSC DC links was analysed for a
range of situations. Initially, the ability of the HVDC links to act as firewalls and to contain the
propagation of cascading disturbances among interconnected grids was demonstrated. On one
hand, this arrangement would imply the isolation of the faulted system, which could not recover
in case the perturbation is specially severe. On the other hand, the prevention of disturbance
propagation to surrounding AC systems could be beneficial in highly interconnected system,
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such as the future European Super Grid. The implementation of the supplementary frequency
droop control on HVDC converters increased the level of coupling between two interconnected
AC grids. The action of frequency droop supplementary control applied on VSCs helped the
frequency of the system that suffered a loss of in-feed to recover within acceptable limits at the
cost of coupling the event into the other system and causing a frequency disturbance there also.
The overload capacity of HVDC systems was demonstrated to play a helpful role in providing
frequency support services to the AC systems they interconnect when the link is running close
to full power in the pre-fault state. It enabled the sharing of primary frequency reserves and
it made feasible the operation of HVDC links which exceed the loss of in-feed power limit by
allowing emergency power re-routing through parallel links in the event of the loss of one link.
The nadir of the frequency drop is reduced by exploiting the overload capability and the new
steady-state frequency is higher if some continuous overload capability is present. Even short-
term overload capability (5-10 seconds) was noted to make a relevant difference to the nadir
frequency. Finally, the injection of a portion of the total energy stored in the cell capacitors of
modular multi-level converters was demonstrated to have not significant effect on the system
inertial response after a loss of generation event because the amount of energy extractable from
the converter was found to be far smaller than the energy provided by the synchronous machines
during the inertial response.
The recent increase of interest in MTDC grids motivated the development of robust control
strategies able to ensure stability and reliability in the perspective of integrating future DC
schemes within large transmission systems. In Chapter 5, the dynamic operational and control
strategies for an MTDC grid were explored. The grid consisted of five terminals, equipped with
MMC VSCs, and connected to both onshore AC systems and offshore wind farms. The current
methodologies for MTDC control were found not to be completely robust for severe contingency
conditions, such as converter outages. A coordinated control strategy ensuring correct power
sharing along with voltage stability in case of tripping of the slack converter was proposed. Such
a strategy was proven to overcome the limitations associated with the other control methods
thanks to the presence of multiple master converters.
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6.2 Contribution from the Author
The author has made two substantial contributions described in this thesis and a number of
supporting contributions.
• Frequency Support via HVDC Links. It is acknowledged that as conventional gener-
ating plants are displaced by converter interfaced sources, inertia and frequency response
provision reduce and post-fault frequency control become difficult. It is also known that
governor action can be added to VSC controllers but the benefits and dis-benefits at
system level were insufficiently explored. This thesis has demonstrated that significant
improvements are made to the frequency nadir after a loss of in-feed event at the cost of
coupling the neighbouring AC systems. Further, it was demonstrated that realistic levels
and durations of overload provision in the VSCs would enable a useful system benefit even
when the VSC is running at rated power pre-fault. The provision of inertial response from
the stored energy in the sub-module capacitors of the VSC was explored but found to be
of little practical value.
• Robust Power Flow Control in MTDC.MTDC grids with several uncontrolled power
in-feeds (such as wind farms) can be operated with some fixed power off takes and a single
slack-bus (or master controller) off take to adjust for changes in loss of in-feed. This
however has a single point failure in the master controller. Fully distributed droop-based
power flow control can also be used but it has disadvantages in terms of the large voltage
excursions experienced following outages or other contingencies. A proposal was made in
this thesis of a system of multiple bus masters that overcomes these problems and has the
following advantageous features: maintenance of the DC voltage within the acceptable
limits and power flows shared as scheduled in case of tripping of one master converter.
To support these studies a large volume of modelling work was required to be able to use
realistic case studies and sufficiently representative models of contemporary VSC technology.
These modelling contributions are as follows:
• Development of Dynamic Equivalent AC Power Systems. The GB system is a
compelling case study because of its relatively modest size (and inertia) in relation to the
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planned HVDC-interfaced wind farms and HVDC interconnections to adjacent systems.
At the outset there was no openly available GB system model for studies of dynamics.
An existing model for steady-state power flow studies was elaborated and validated. It is
acknowledged that similar models have since become available.
• Reduced Dynamic Models of MMC. Various averaged and reduced dynamic models
of MMC converters have appeared in the literature but none for use in PowerFactory.
A model of the physical and control system elements was created and verified in such
software platform.
• Importance of MMC Dynamics. The MMC has a more complex control hierarchy
than a two-level converter with potential for interactions with dynamics within a large
AC system. This was explored by perturbation studies. The study is not fully developed
but it would appear that the dynamics of the converter and a typical AC system are well
separated and for many system studies a simpler model characteristic of a two-level VSC
would be sufficient.
This PhD has lead to the publication of several papers listed below:
• Journals Papers
– C.E. Spallarossa, P.D. Judge, T.C. Green, System Benefits of Overload Capability
of VSC HVDC for Loss of Infeed Events, in preparation for submission to IEEE
Transaction on Power Systems.
• Conference Papers
– C.E. Spallarossa, Y. Pipelzadeh, B. Chaudhuri, T.C. Green, Assessment of Distur-
bance Propagation between AC Grids through VSC HVDC Links using Reduced Great
Britain Model, in proceedings of IET ACDC 2012, Birmingham, United Kingdom,
2012.
– C.E. Spallarossa, Y. Pipelzadeh, T.C. Green, Influence of Frequency-Droop Supple-
mentary Control on Disturbance Propagation through VSC HVDC Links, in proceed-
ings of 2013 IEEE PES General Meeting, Vancouver, Canada, 2013.
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– C.E. Spallarossa, L. Chang, X. Wu, T.C. Green, A DC Voltage Control Strategy for
MMC MTDC Grids incorporating Multiple Master Stations, in proceedings of 2014
IEEE Transmission and Distribution, Chicago, Michigan, USA, 2014.
– C.E. Spallarossa, M. Merlin, Y. Pipelzadeh, T.C. Green, Reduced Dynamic Model
of a Modular Multilevel Converter in PowerFactory, in proceedings of 2015 IEEE
COMPEL, Vancouver, Canada, 2015.
– C.E. Spallarossa, M. Merlin, T.C. Green, Augmented Inertial Response of Multi-level
Converters using Internal Energy Storage, extended abstract accepted in 2015 IEEE
ISGT-LA, Montevideo, Uruguay, 2015.
6.3 Future Work
In addition to the findings presented in this thesis, a number of open questions and potential
research topics remain.
The models presented in Chapter 3 can be improved under several aspects. A potential
improvement to the GB transmission system would be the implementation of PSSs according to
the complex but accurate procedure described by [95]. This method involves the linearisation
of the AC grid to calculate the design parameters of the PSSs. The control system of the MMC
RDM needs further refinements to reach the same level of accuracy as the control design of a
detailed MMC model. Additional control loops could be implemented in the MMC RDM to
represent enhanced converter features, such as DC fault blocking capability. Considering the
long computing time required for the simulation of mixed AC and DC systems in PowerFactory,
due to the application of EMT type simulation on AC grids, an alternative simulation technique,
consisting on running in parallel EMT type and RMS type simulations, can be applied [87].
The impacts that different VSC topologies (two-level or MMC) may produce at system level
when inserted within a multi-machine grid need to be further investigated. Small signal stability
analysis can be carried out to monitor potential modifications in the relevant system modes
(local and inter-area modes) and also as preliminary study for the design of power oscillation
dampings for two-level and modular multi-level VSCs.
A number of scenarios, considering different levels of wind penetration, can be implemented
on the dynamic equivalent model of the GB transmission system, that was initially developed
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considering the Average Cold Spell defined in [89]. The realisation of the “2020 Gone Green
Scenario” [21] would imply the installations of large amounts of wind capacity and determine
a consequential system inertia reduction. The effectiveness of the frequency support methods
designed in Chapter 4 should be proved in such reduced inertia systems. For example, the
internal energy storage capability of MMCs would be expected to have a more significant effect
on the inertial response of power systems with a prevalent presence of wind on the supply side.
Another set of loading conditions considering different directions for power flows in the
MTDC grid could be tested to further demonstrate the effectiveness of the Vdc-I Droop Control
scheme described in Chapter 5. As the work was carried out at Smart Grid Research Institute
at State Grid in Beijing it was subject to time constraints and licenses restriction.
Finally a large-scale MTDC grid model can be realized in PowerFactory using all the models
developed throughout the thesis. Such MTDC network would connect AC onshore systems
(GB and Scandinavia) to offshore wind farms via MMC VSC based HVDC links. This hybrid
platform will play a crucial role in the assessment of AC/DC interactions, loss of in-feed and
DC fault analysis, providing a milestone for the understanding of transient stability issues and
operational limits related to the future European Super Grid.
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Appendix A
Great Britain Dynamic Equivalent
Model
A.1 Generators Modelling Parameters
Table A.1: Load Flow Properties of Generators
Unit Bus Type P [MW] Volt [pu] Min Q [pu] Max Q [pu] Pnom [MW]
G1 PV 457.08 1 -0.085 0.081 1600
G2 PV 1235.4 1 -0.164 0.374 3200
G3 PV 456.94 1 -0.078 0.092 960
G4 PV 2318.78 1 -0.317 0.313 3920
G5 PV 382 1 -0.147 0.144 2080
G6 PV 66.27 1 -0.176 0.159 800
G7 PV 1865.96 1 -0.268 0.342 2080
G10 PV 2817 1 -0.251 0.237 3920
G11 PV 3472.68 1 -0.375 0.466 4800
G12 PV 2853 1 -0.324 0.333 3920
G15 PV 6271.8 1 -0.211 0.294 6800
G16 PV 9838 1 -0.434 0.500 9920
G17 PV 608 1 -0.135 0.271 2080
G18 PV 1759 1 -0.203 0.308 2400
G19 PV 2614 1 -0.544 0.499 3200
G20 PV 1254 1 -0.095 0.286 2080
G21 PV 535 1 -0.102 0.109 800
G22 PV 323 1 -0.077 0.063 800
G23 PV 6204.8 1 -0.251 0.266 6800
G25 PV 708 1 -0.316 0.316 2080
G26 PV 4430 1 -0.307 0.420 4560
G27 SL 1044 1 -0.181 0.246 4720
G28 PV 1229 1 -0.217 0.239 2400
G29 PV 742 1 -0.297 0.195 2080
Table A.2: Types of Generators
Unit Type of Syn Machine Control Frame Type
G1 Syn Mac2000 HYDRO Hydro Frame Node1
G2 Syn Mac4000 GAS Gas Frame Node2
G3 Syn Mac1200 HYDRO Hydro Frame Node3
G4 Syn Mac4900 GAS Steam Frame Node4
G5 Syn Mac2600 STEAM Steam Frame Node5
G6 Syn Mac1000 STEAM Steam Frame Node6
G7 Syn Mac2600 STEAM Steam Frame Node7
G10 Syn Mac4900 GAS Gas Frame Node10
G11 Syn Mac6000 STEAM Steam Frame Node11
G12 Syn Mac4900 GAS Gas Frame Node12
G15 Syn Mac8500 GAS Steam Frame Node15
G16 Syn Mac12400 GAS Gas Frame Node16
G17 Syn Mac2600 GAS Steam Frame Node17
G18 Syn Mac3000 GAS Steam Frame Node18
G19 Syn Mac4000 GAS Gas Frame Node19
G20 Syn Mac2600 GAS Steam Frame Node20
G21 Syn Mac1000 GAS Gas Frame Node21
G22 Syn Mac1000 GAS Gas Frame Node22
G23 Syn Mac8500 GAS Steam Frame Node23
G25 Syn Mac2600 GAS Gas Frame Node25
G26 Syn Mac5700 GAS Gas Frame Node26
G27 Syn Mac5700 STEAM Steam Frame Node27
G28 Syn Mac3000 GAS Gas Frame Node28
G29 Syn Mac2600 STEAM Steam Frame Node29
Table A.3: Properties of Generators Type
Type of Syn Machine Snom [MVA] Vnom [kV] Power Factor Connection
Syn Mac1000 GAS 1000 30 0.8 YN
Syn Mac1000 STEAM 1000 30 0.8 YN
Syn Mac1200 HYDRO 1200 30 0.8 YN
Syn Mac12400 GAS 12400 50 0.8 YN
Syn Mac2000 GAS 2000 30 0.8 YN
Syn Mac2000 HYDRO 2000 30 0.8 YN
Syn Mac2000 STEAM 2000 30 0.8 YN
Syn Mac2600 GAS 2600 30 0.8 YN
Syn Mac2600 STEAM 2600 30 0.8 YN
Syn Mac3000 GAS 3000 30 0.8 YN
Syn Mac4000 GAS 4000 30 0.8 YN
Syn Mac4500 GAS 50kV 4500 50 0.8 YN
Syn Mac4900 GAS 4900 30 0.8 YN
Syn Mac5700 GAS 5700 30 0.8 YN
Syn Mac5700 STEAM 5900 30 0.8 YN
Syn Mac6000 GAS 50kV 6000 50 0.8 YN
Syn Mac6000 STEAM 6000 30 0.8 YN
Syn Mac8500 GAS 8500 50 0.8 YN
Table A.4: Transient and Sub-Transient Parameters of Generators (part I)
Type of Syn Machine H[s] x0 [pu] r0[pu] x2[pu] r2[pu] rstr [pu] xl [pu] xrl[pu] Rotor Type
Syn Mac1000 GAS 4.9 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac1000 STEAM 8.4 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac1200 HYDRO 2.4 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac12400 GAS 1.9 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac2000 GAS 4.4 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac2000 HYDRO 2.4 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac2000 STEAM 9.5 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac2600 GAS 4.4 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac2600 STEAM 7.9 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac3000 GAS 4.9 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac4000 GAS 4.4 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac4500 GAS 50kV 4 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac4900 GAS 3.9 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac5700 GAS 2.9 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac5700 STEAM 6 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac6000 GAS 50kV 3 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac6000 STEAM 6.9 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Syn Mac8500 GAS 2.4 0.1 0 0.2 0 0.0025 0.2 0.011 Round
Table A.5: Transient and Sub-Transient Parameters of Generators(part II)
Type of Syn Machine xd[pu] xq[pu] x’d [pu] x’q [pu] x”d [pu] x”q [pu] T’d[s] T’q [s] T”d [s] T”q [s]
Syn Mac1000 GAS 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.025 0.0227
Syn Mac1000 STEAM 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.025 0.0227
Syn Mac1200 HYDRO 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0 0.025 0.0227
Syn Mac12400 GAS 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.05 0.1545
Syn Mac2000 GAS 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.025 0.0227
Syn Mac2000 HYDRO 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0 0.025 0.0227
Syn Mac2000 STEAM 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.025 0.0227
Syn Mac2600 GAS 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.025 0.0227
Syn Mac2600 STEAM 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.025 0.0227
Syn Mac3000 GAS 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.025 0.0227
Syn Mac4000 GAS 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.025 0.0227
Syn Mac4500 GAS 50kV 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.025 0.0227
Syn Mac4900 GAS 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.025 0.0227
Syn Mac5700 GAS 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.025 0.0227
Syn Mac5700 STEAM 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.025 0.0227
Syn Mac6000 GAS 50kV 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.05 0.1545
Syn Mac6000 STEAM 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.05 0.1545
Syn Mac8500 GAS 1.8 1.7 0.3 0.55 0.25 0.25 1.33333 0.1294 0.05 0.1545
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A.2 Loads Parameters
Table A.6: Effective and Equivalent Loads Parameters
N Pload [MW] Qload [MVAr] I2R [MW] I2X [MVAr]
1 468 102 22 140.5
2 513 113 30 307
3 555 105 44 158.4
4 1308 317 19.3 606.5
5 502 128 3.8 132.2
6 1176 315 27.4 512.7
7 745 171 8 325.9
8 117.5 37.4 1 6.7
9 130 53 4.9 139.4
10 2561 465 8 760
11 3360 760 53.4 1422.7
12 1189 338 20 774
13 2524 766 21 732.5
14 1831 566.5 12.5 499.2
15 2633 694.6 36 1207.8
16 1607 655 84.5 2734.6
17 1081 371 14.5 571.1
18 5362 1935 75.5 1732
19 2019 648 47.1 1093
20 1027.36 305.8 14 483
21 702 202.2 17 646
22 1820 665 41.8 833.1
23 4734 1337 47.4 1848.8
24 1418 528 5.9 366.7
25 9734 2902 70.7 2667.7
26 1424 434 26 992
27 457 138 5.8 221.7
28 2751 841 11 401.7
29 2577 356 25 567.7
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A.3 Transmission Lines Parameters
Table A.7: Transmission Lines (part I)
N1 N2 R [pu] X [pu] B [pu] Ract [Ω/km] Xact [Ω/km] Bact [S/km]
1 2 0.0122 0.02 0.0856 9.22625 15.125 113.19008
1 3 0.007 0.15 0.052 5.29375 113.4375 68.760331
1 2 0.0122 0.02 0.2844 9.22625 15.125 376.06612
1 3 0.007 0.15 0.052 5.29375 113.4375 68.760331
2 4 0.0004 0.065 0.4454 0.3025 49.15625 588.95868
2 4 0.0004 0.065 0.5545 0.3025 49.15625 733.22314
4 7 0.00211 0.0135 0.1174 3.376 21.6 73.375
4 6 0.0013 0.023 0.1496 2.08 36.8 93.5
4 6 0.0013 0.023 0.1758 2.08 36.8 109.875
4 5 0.001 0.024 0.125 1.6 38.4 78.125
4 5 0.001 0.024 0.125 1.6 38.4 78.125
4 7 0.0021 0.0135 0.1538 3.36 21.6 96.125
5 6 0.00085 0.0105 0.38254 1.36 16.816 239.0875
5 6 0.00151 0.0161 0.59296 2.416 25.808 370.6
6 9 0.00078 0.0085 0.0737 1.248 13.632 46.0625
6 9 0.00078 0.0085 0.4635 1.248 13.632 289.6875
7 8 0.0004 0.0001 0.728 0.64 0.16 455
7 8 0.0004 0.0001 1.2872 0.64 0.16 804.5
7 6 0.003 0.2 0.2939 4.8 320 183.6875
7 6 0.003 0.2 0.2939 4.8 320 183.6875
8 10 0.00083 0.0175 0.6624 1.328 28 414
8 10 0.00083 0.0175 0.6624 1.328 28 414
9 11 0.00164 0.0163 0.4868 2.624 26.08 304.25
9 11 0.00164 0.0163 0.4868 2.624 26.08 304.25
9 10 0.00352 0.0245 0.1898 5.632 39.248 118.625
9 10 0.00492 0.0343 0.2502 7.872 54.88 156.375
10 15 0.00053 0.0084 5.373 0.848 13.36 3358.125
10 15 0.00052 0.0063 1.0636 0.832 10.08 664.75
11 15 0.0007 0.042 0.3907 1.12 67.2 244.1875
11 15 0.00099 0.042 0.5738 1.584 67.2 358.625
11 13 0.0004 0.0052 0.2498 0.64 8.32 156.125
11 13 0.0004 0.0052 0.2664 0.64 8.32 166.5
11 12 0.0001 0.0085 0.0798 0.16 13.6 49.875
11 12 0.0001 0.0085 0.0798 0.16 13.6 49.875
12 13 0.00096 0.0108 0.385 1.536 17.248 240.625
12 18 0.00074 0.009 0.2911 1.184 14.4 181.9375
12 18 0.00097 0.009 0.3835 1.552 14.4 239.6875
12 13 0.00096 0.0108 0.385 1.536 17.248 240.625
13 18 0.00049 0.007 0.1943 0.784 11.2 121.4375
13 18 0.00084 0.007 0.7759 1.344 11.2 484.9375
13 15 0.00137 0.023 0.6643 2.192 36.8 415.1875
13 15 0.00164 0.023 0.1104 2.624 36.8 69
13 14 0.00107 0.0116 1.1745 1.712 18.608 734.0625
13 14 0.00082 0.012 1.2125 1.312 19.216 757.8125
14 16 0.0005 0.016 0.2795 0.8 25.6 174.6875
14 16 0.005 0.018 0.1466 8 28.8 91.625
Steps to get to the final parameters to enter PowerFactory from the data given in the
documentation:
1. Zact = Zpu * Zbase
Zbase = Vbase 2 / Sbase
Ract = Rpu * Zbase [Ω/km]
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Table A.8: Transmission Lines (part 2)
N1 N2 R [pu] X [pu] B [pu] Ract [Ω/km] Xact [Ω/km] Bact [S/km]
15 16 0.00033 0.0052 0.3534 0.528 8.32 220.875
15 16 0.00016 0.0017 0.3992 0.256 2.752 249.5
15 14 0.00019 0.0022 0.7592 0.304 3.552 474.5
15 14 0.00018 0.0022 0.5573 0.288 3.552 348.3125
16 19 0.00056 0.0141 0.4496 0.896 22.56 281
16 19 0.00056 0.0141 0.4496 0.896 22.56 281
17 16 0.001 0.0107 0.2651 1.6 17.152 165.6875
17 16 0.001 0.0107 0.4573 1.6 17.152 285.8125
17 22 0.00068 0.0097 0.4566 1.088 15.52 285.375
17 22 0.00069 0.0097 0.4574 1.104 15.52 285.875
18 17 0.00042 0.0018 0.2349 0.672 2.88 146.8125
18 17 0.00042 0.0018 0.2349 0.672 2.88 146.8125
18 23 0.00138 0.0096 0.4829 2.208 15.36 301.8125
18 23 0.00117 0.0096 0.4122 1.872 15.36 257.625
20 26 0.00035 0.0023 0.2249 0.56 3.68 140.5625
20 26 0.00035 0.0023 0.2249 0.56 3.68 140.5625
20 19 0.00178 0.0213 0.6682 2.848 34.08 417.625
20 19 0.00132 0.0143 0.3656 2.112 22.88 228.5
21 16 0.00145 0.0182 0.9169 2.32 29.184 573.0625
21 16 0.00145 0.0182 0.9169 2.32 29.184 573.0625
21 25 0.00025 0.01 0.1586 0.4 16 99.125
21 25 0.00025 0.01 0.1586 0.4 16 99.125
21 20 0.0012 0.0048 0.4446 1.92 7.68 277.875
21 20 0.0012 0.0048 0.7 1.92 7.68 437.5
21 19 0.00037 0.0059 0.294 0.592 9.44 183.75
21 19 0.00037 0.0059 0.2955 0.592 9.44 184.6875
22 16 0.00178 0.0172 0.8403 2.848 27.52 525.1875
22 16 0.00178 0.0172 0.627 2.848 27.52 391.875
22 25 0.00037 0.0041 0.4098 0.592 6.56 256.125
22 25 0.00034 0.0041 0.429 0.544 6.56 268.125
22 21 0.00019 0.0011 0.1232 0.304 1.776 77
22 21 0.00048 0.0061 0.3041 0.768 9.76 190.0625
23 29 0.00151 0.0182 0.53 2.416 29.12 331.25
23 24 0.00086 0.0008 0.9622 1.376 1.28 601.375
23 24 0.00023 0.0007 2.8447 0.368 1.12 1777.9375
23 22 0.00055 0.003 0.3468 0.88 4.8 216.75
23 22 0.00039 0.003 0.2466 0.624 4.8 154.125
23 29 0.00151 0.0182 0.53 2.416 29.12 331.25
24 28 0.00068 0.007 0.2388 1.088 11.2 149.25
24 25 0.00104 0.0091 0.2918 1.664 14.56 182.375
24 25 0.00104 0.0091 0.2918 1.664 14.56 182.375
24 28 0.00068 0.007 0.2388 1.088 11.2 149.25
25 26 0.0002 0.0057 0.532 0.32 9.12 332.5
25 26 0.0002 0.0057 0.532 0.32 9.12 332.5
Table A.9: Transmission Lines (part III)
N1 N2 R [pu] X [pu] B [pu] Ract [Ω/km] Xact [Ω/km] Bact [S/km]
27 26 0.0002 0.005 0.1797 0.32 8.048 112.3125
27 26 0.0002 0.005 0.1797 0.32 8.048 112.3125
28 27 0.00038 0.0071 0.2998 0.608 11.376 187.375
28 27 0.00038 0.0071 0.2998 0.608 11.376 187.375
29 28 0.00051 0.008 0.34 0.816 12.736 212.5
29 28 0.00051 0.008 0.34 0.816 12.736 212.5
3 4 0.003 0.041 0.0044 4.8 65.6 2.75
3 4 0.003 0.041 0.044 4.8 65.6 27.5
3 2 0.03004 0.077 0.0124 22.71775 58.23125 16.396694
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Xact = Xpu * Zbase [Ω/km]
Ybase = 1 / Zbase
Bact = Ybase / Bpu [µs/km]
2. Assumptions: length of line = 1km
Zact= Zabc
Zabc = Za = Zb = Zc = Z
3. Z012 = A−1 * Zabc * A
Z012 = (Z0, Z1, Z2), it indicates positive sequence, negative sequence, zero sequence.
Zabc = (Za, Zb, Zc), it indicates phase a, phase b, phase c.
Matrix A and A−1 can be found in [29].
4. Ract = R = Rps = Rns
Xact = X = Xps = Xns
Bact = B = Bps = Bns
A.4 Shunt Filters, Static Var Compensation, Phase Shifting
Transformers
Steps to get to the final parameters of shunt filters for PowerFactory from the data given in the
documentation:
1. Bact = Ybase / Bpu [µS]
Ybase = 1 / Zbase
Zbase = Vbase 2 / Sbase
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Table A.10: Shunt Filters Properties
N ShuntGain [B pu] ShuntLoss [B pu] Beq [B pu] C [µF] L [mH] Ceq [µF]
1 27.00 0.00 132 1.1364 no L 5.55595
2 0.00 0.00 237.6 0 0 10.0007
3 0.00 0.00 84 0 0 15.3455
4 0.00 0.00 305 0 0 12.8376
5 0.00 0.00 216 0 0 4.29718
6 0.00 0.00 573 0 0 11.3995
7 9.00 0.00 447.7 0.179 0 8.90671
8 0.00 0.00 14.57 0 0 0.28986
9 375.00 0.00 22.08 7.4604 0 0.43927
10 684.00 -120.00 201 13.608 4244.1 3.99877
11 945.00 -220.00 581 18.8 2315 11.5586
12 328.00 -380.00 728 6.5254 1340.3 14.4831
13 847.00 -240.00 254 16.851 2122.1 5.05317
14 199.00 -440.00 484 3.959 1157.5 9.62887
15 1030.00 -580.00 426.53 20.491 878.1 8.48554
16 333.40 -320.00 333 6.6328 1591.5 6.62482
17 574.86 -60.00 46.7 11.436 8488.3 0.92907
18 4454.00 -600.00 786.6 88.61 848.83 15.6489
19 412.20 -120.00 272 8.2005 4244.1 5.41127
20 287.40 0.00 83.3 5.7176 0 1.6572
21 495.00 -120.00 114.29 9.8477 4244.1 2.27373
22 2218.00 -300.00 164.4 44.126 1697.7 3.27063
23 1170.70 -1080.00 1646.6 23.29 471.57 32.7581
24 614.00 -120.00 16.67 12.215 4244.1 0.33164
25 2400.00 -2930.00 4043 47.746 173.82 80.4329
26 352.00 -180.00 362 7.0028 2829.4 7.20176
27 110.00 0.00 112 2.1884 0 2.22817
28 1140.00 -440.00 468.6 22.68 1157.5 9.3225
29 1452.70 -380.00 733.4 28.901 1340.3 14.5905
2. If B < 0 then it is modelled as RL filter
If B > 0 then it is modelled as C filter
3. C = B/ω [µF]
L = (-1) / (B ω) [mH]
Where B = Bact calculated previously from B [pu] values given in the documentation, and
ω = 2pi*f, with f = 50Hz.
4. C and L are the design parameters required by PowerFactory.
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Table A.11: Static Var Compensators Parameters
N Q Capability LAG [MVAr] QCapability LEAD [MVAr]
1 0.00 0.00
2 225.00 -75.00
3 0.00 0.00
4 0.00 0.00
5 0.00 0.00
6 0.00 0.00
7 0.00 0.00
8 0.00 0.00
9 334.06 -142.76
10 0.00 0.00
11 0.00 0.00
12 0.00 0.00
13 0.00 0.00
14 0.00 0.00
15 0.00 0.00
16 0.00 0.00
17 0.00 0.00
18 1068.69 -358.27
19 0.00 0.00
20 0.00 0.00
21 341.02 -141.28
22 391.15 -60.00
23 240.00 0.00
24 0.00 0.00
25 694.06 -337.12
26 0.00 0.00
27 319.28 -283.60
28 341.02 -203.18
29 862.04 -312.56
Methodology followed for implementing SVCs in PowerFactory:
1. TCR (Q>0)
Installed SVCs Reactive Power Capability LAG (MVAr) = Q reactance, assuming then
Q reactance inserted from documentation = TCR Max limit.
2. TSC (Q<0)
Installed SVCs Reactive Power Capability LEAD (MVAr) = Q per capacitor (<0), as-
suming Max number of capacitor = 1.
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Table A.12: Phase Shifting Transformers (Quadrature Boosters)
from N to N Presence of QBs phase shift [deg]
1 3 Yes 2.00
1 3 Yes 2.00
12 18 Yes 2.00
12 18 Yes 2.00
13 14 Yes 0.00
17 16 Yes 0.00
17 16 Yes 0.00
21 16 Yes 0.00
21 16 Yes 0.00
24 25 Yes 0.00
24 25 Yes 0.00
A.5 Comparisons of Power Flows
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Table A.13: Comparisons of Power Flows
National Grid [89] Strathclyde [13] Model
N1 N2 P [MW] P [MW] P [MW]
1 2 97 95 106
1 3 85 87 76
2 3 161 162 99
2 4 374 373 415
3 4 257 254 214
4 5 272 269 283
4 6 534 541 528
4 7 325 320 318
5 6 460 360 510
6 7 39 51 39
6 9 812 807 811
7 8 914 931 923
8 10 871 868 860
9 10 27 27.87 19
9 11 709 711 719
10 15 1137 1150 1133
11 15 90 87 101
11 12 242 240 330
11 13 1125 1130 1073
12 13 368 358 264
13 15 410 413 425
14 15 1409 1410 1420
15 16 452 445 415
13 14 536 540 548
14 16 53 52 58
12 18 937 952 1123
13 18 1114 1162 1032
16 17 1188 1323 1291
17 18 616 670 621
16 22 1199 1324 1308
16 21 1162 1165 1150
16 19 908 1105 1090
19 20 193 331 500
19 21 961 954 948
20 21 271 274 294
21 22 269 267 255
17 22 890 892 902
18 23 917 922 925
22 23 499 467 445
22 25 1762 1755 1768
21 25 884 882 876
20 26 789 789 812
25 26 992 981 940
24 25 464 446 476
23 24 1747 1296 1320
23 29 347 350 355
24 28 595 597 546
26 27 759 783 534
27 28 248 251 316
28 29 85 79 94
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Appendix B
Three-node GB model: Generators
Modelling Parameters
B.1 Winter Peak Scenario
Table B.1: Load Flow Properties of Generators
Unit Bus Type P [MW] Volt [pu] Q Min [pu] Q Max [pu] Pnom [MW] Mach Type
G1 PV 2520 1.02 -0.405 0.405 2545.2 Gen_1
G2 PV 2120 1.008 -0.698 0.698 2181.6 Gen_2
G3a SL 13333.3 0.999 -0.893 0.893 19089 Gen_3
G3b PV 2500 0.999 -0.893 0.893 19089 Gen_3
G3c PV 833.33 0.999 -0.893 0.893 19089 Gen_3
Table B.2: Properties of Generators Type
Type of Syn Machine Snom [MVA] Vnom [kV] Power Factor Connection
Gen_1 2800 24 0.909 YN
Gen_2 2400 24 0.909 YN
Gen_3 21000 24 0.909 YN
Table B.3: Transient and Sub-Transient Parameters of Generators(part I)
Mach Type H[s] x0[pu] r0[pu] x2[pu] r2[pu] rstr[pu] xl[pu] xrl[pu] Rot Type
Gen_1 2.7 0.1 0 0.2 0 0 0.19 0 Round
Gen_2 2.7 0.1 0 0.2 0 0 0.19 0 Round
Gen_3 2.7 0.1 0 0.2 0 0 0.19 0 Round
B.2 Summer Night Scenario
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Table B.4: Transient and Sub-Transient Parameters of Generators(part II)
Mach Type xd[pu] xq[pu] x’d[pu] x’q[pu] x”d[pu] x”q[pu] T’d[s] T’q[s] T”d[s] T”q[s]
Gen_1 2.13 2.07 0.308 0.906 0.234 0.234 0.88 0.723 0.04 0.0914
Gen_2 2.13 2.07 0.308 0.906 0.234 0.234 0.88 0.723 0.04 0.0914
Gen_3 2.13 2.07 0.308 0.906 0.234 0.234 0.99 0.723 0.04 0.0914
Table B.5: Load Flow Properties of Generators
Unit Bus Type P [MW] Volt [pu] Q Min [pu] Q Max [pu] Pnom[MW] Mach Type
G1 PV 1008.9 1.02 -0.405 0.405 2545.2 Gen_1
G2 PV 808.9 1.008 -0.698 0.698 2181.6 Gen_2
G3a SL 19488.56 0.999 -0.893 0.893 19089 Gen_3
G3b o/s 388.9 0.999 -0.893 0.893 4545 Gen_3
G3c o/s 1800 0.999 -0.893 0.893 2727 Gen_3
Table B.6: Properties of Generators Type
Type of Syn Machine Snom [MVA] Vnom [kV] Power Factor Connection
Gen_1 2800 24 0.909 YN
Gen_2 2400 24 0.909 YN
Gen_3 21000 24 0.909 YN
Table B.7: Transient and Sub-Transient Parameters of Generators(part I)
Mach Type H[s] x0[pu] r0[pu] x2[pu] r2[pu] rstr[pu] xl[pu] xrl[pu] Rot Type
Gen_1 2.7 0.1 0 0.2 0 0 0.19 0 Round
Gen_2 2.7 0.1 0 0.2 0 0 0.19 0 Round
Gen_3 2.7 0.1 0 0.2 0 0 0.19 0 Round
Table B.8: Transient and Sub-Transient Parameters of Generators(part II)
Mach Type xd[pu] xq[pu] x’d[pu] x’q[pu] x”d[pu] x”q[pu] T’d[s] T’q[s] T”d[s] T”q[s]
Gen_1 2.13 2.07 0.308 0.906 0.234 0.234 0.891 0.723 0.0399 0.0914
Gen_2 2.13 2.07 0.308 0.906 0.234 0.234 0.890 0.723 0.0399 0.0914
Gen_3 2.13 2.07 0.308 0.906 0.234 0.234 0.992 0.723 0.0399 0.0914
191
Appendix C
Simulations Description
Table C.1: Description of Simulations in PowerFactory
Section Model Simulation Type Time step
3.2.3 two-level VSC EMT 100 µs.
3.2.3 RDM MMC EMT 100 µs.
3.2.3 DEC MMC (PSCAD/EMTDC) EMT 50 µs.
3.3.1 Multi-machine system with two-level VSC EMT 100 µs.
3.3.1 Multi-machine system with MMC RDM EMT 100 µs.
3.3.2 Three-node GB with RDM MMCs EMT 100 µs.
3.3.3 GB-Scandinavia with two-level VSC RMS 1 ms
3.3.3 GB-Scandinavia with MMC VSC EMT 100 µs.
4.3.1 GB-Scandinavia with two-level VSC RMS 1 ms
4.3.2 GB-Scandinavia with two-level VSC RMS 1 ms
4.4.2 Three-node GB with RDM MMCs EMT 100 µs.
4.5.2 Multi-machine system with MMC RDM EMT 100 µs.
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